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SUMMARY
Desert environments on Earth are colonized by organisms adapted to desiccation.
However, the limits of adaptation are not known. We hypothesized that extreme
and prolonged dryness might impart too great a challenge for microbial survival. To
test this, we surveyed biomolecular proxies for soil microorganism activity across a
steep rainfall gradient from the driest region within the Atacama Desert in Chile that
receives just a few millimeters of precipitation per decade to a few millimeters a year.
Lipid biomarker proxies for membrane response to environmental stress, degree of
amino acid racemization, integrity of stress proteins suggest that organisms in the
driest soils in the Atacama are not or very minimally metabolically active. This
suggests that the dry threshold for soil habitability has been crossed in the driest
hyperarid regions in the Atacama, and implies that it may also have been crossed on
the surface of Mars, which is 100-1000 times drier.
While dry Atacama soils in this region might not be habitable, dryness could
lead to greater preservation of biomarkers generated during a wetter epoch. Our un-
derstanding of long-term organic matter preservation comes mostly from studies in
aquatic systems. In contrast, taphonomic processes in extremely dry environments
are relatively understudied and are poorly understood. We investigated the accumu-
lation and preservation of lipid biomarkers in hyperarid soils in the Yungay region of
the Atacama Desert where microbial activity might not exist. Lipids from seven soil
horizons in a 2.5 m vertical profile were extracted and analyzed using GC-MS and
LC-MS. Diagnostic functionalized lipids and geolipids were detected and increased
in abundance and diversity with depth. Deeper clay units contained fossil organic
matter (radiocarbon dead) that has been protected from rainwater since the onset
of hyperaridity. We showed that these clay units contain lipids in an excellent state
of structural preservation with functional groups and unsaturated bonds in carbon
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chains. This indicates that minimal degradation of lipids has occurred in these soils
since the time of their deposition between >40,000 and 2 million years ago. The excep-
tional structural preservation of biomarkers is likely due to the long-term hyperaridity
that has minimized microbial and enzymatic activity, a taphonomic process we term
xeropreservation (i.e. preservation by drying). The degree of biomarker preservation
allowed us to reconstruct major changes in ecology in the Yungay region that reflect
a shift in hydrological regime from wet to dry since the early Quaternary. Our re-
sults suggest that hyperarid environments, which comprise 7.5% of the continental
landmass, could represent a rich and relatively unexplored source of paleobiological
information on Earth, and potentially Mars.
Greater characterization of the organic material contained in ancient and/or mod-
ern martian sediments will be one of the the primary astrobiological goals in the
next few decades. Life detection on other planets rests on the ability to interpret
positive or negative results as well as contextualization with naturally-occurring ter-
restrial samples. We took advantage of the above-mentioned characterized Atacama
soil samples which contain both viable and fossil biomass, and are biomarker-poor
and perchlorate-rich to assess the organic detection capability of current and future
Mars mission flight-instrumentation. Firstly, Raman laser spectroscopy, slated to fly
on both ESA and NASA Mars rovers, was not able to identify the most abundant
biogenic lipid or hydrocarbon compounds contained in Yungay soils. Instead, only
two non-specific carbon bands were detected in ˜75% of sample points. These bands
are commonly observed in non-biologic carbon-bearing samples. However, evolved
gas analysis (EGA) techniques similar to what is being employed currently on the
Curiosity Rover revealed organic ions in all samples analyzed. Organics contained
in Yungay surface soils had the strongest indication of bioenicity. However, analy-
sis of million-year-old buried halite revealed the presence of organic-bearing water
inclusions. Our study suggests that sample acquisition and handling which includes
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1.1 Biomarkers: Preservation Pathways and Survival in the Terrestrial
Fossil Record
“Biosignature” is a general term that encompasses many types of evidence for life such
as morphological (e.g. stromatolites), isotopic, or molecular. The term biomarker is
more specific, referring to organic compounds that retain biological heritage in their
molecular structure through geologic time (Meyers and Ishiwatari, 1993). Molecular
biomarkers can be useful in understanding the identity and/or activity of organ-
isms in a diversity of environmental settings, and particularly in geological deposits
where only a small fraction of the original biomass remains (e.g. Peters et al., 2005).
Biomarkers are targets for life detection on Earth and on planets and moons in the
Solar System, particularly on Mars where widespread habitable conditions at the
surface might have existed only during the first billion years of the planet’s history
(Ehlmann et al., 2011; Grotzinger et al., 2015), and molecular evidence for early forms
of life might have decayed significantly since its deposition (Brocks and Summons,
2003).
On Earth, preservation of biomarkers in the fossil record is not the norm, as
approximately 99.9% of organic material in the biosphere is recycled (Des Marais,
2001). Some environments are more conducive to longterm preservation: for example,
when fast sedimentation or mineral encapsulation occurs (Farmer and Des Marais,
1999; Van Veen and Kuikman, 1990), or low temperatures and low humidity limit
microbial activity (Rethemeyer et al., 2010). When it comes to preservation, not
all biomarkers are equal. Biomolecules follow chemical decay pathways (Collins and
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Riley, 2000), which can provide estimates of time since death (Miller et al., 2000;
Penkman et al., 2011). Di↵erent classes of biomarkers have di↵erent timespans of
stability in the fossil record. Typically, the more information-rich biomarkers (e.g.,
DNA) decay at the fastest rates. It has been estimated that DNA can maximally
survive less than one million years in the fossil record (Coolen et al., 2004; Allentoft
et al., 2012). The oldest synergistic recovery age of proteins is 70 Ma, about an
order of magnitude or two longer than DNA (Muyzer et al., 1992). Amino acids are
useful biomarkers for determining the biogenicity and age of organics. This is due
to their chiral properties as biology primarily utilizes L-enantiomer amino acids, and
to the observation that there are a few proteinogenic amino acids not detected in
exogenous organic material (Burton et al., 2012; Cobb and Pudritz, 2014). For these
reasons and the fact that they can be detected at low concentrations by spacecraft-
based analyses (Skelley et al., 2005), amino acids have been proposed as targets
for life detection extraterrestrially (e.g., Europa Lander Study, 2016). However, in
most surface environments (particularly ones with transient liquid water), complete
racemization occurs after only 10 Ma (Bada and McDonald, 1995; Bada, 1999), which
limits the utility of using amino acid chirality in the search for evidence of life in
ancient martian geologic deposits. Furthermore, in marine systems, D-amino acids are
found to accumulate due to biological processing (Bada and Hoopes, 1979; McCarthy
et al., 1998), which would complicate the interpretation of D- and L- amino acids
detected on ocean worlds.
Lipids are among the most stable organic molecules over geological time and have
a long history in biogeochemical analyses of past and present life (Peters et al., 2005).
While some lipids, such as labile fatty acids, are susceptible to microbial recycling (e.g.
Klein et al., 1971), others are more robust and long-lived in the fossil record, retain-
ing a biogenic hallmark either in their structure (e.g. 2-methylhopane hydrocarbon
derivatives of 2-methyl-bacteriohopanepolyols) or patterns in chain-length preference
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(e.g. higher relative abundances of even carbon chain lengths over odd in fatty acids).
Some polycyclic isoprenoid lipid biomarkers (i.e., hopanes and steranes) are resistant
to diagenetic degradation processes and can be preserved for billions of years record-
ing the presence and activity of microorganisms (Summons et al., 1999; Brocks and
Summons, 2003; Eigenbrode, 2008; Summons et al., 2008; Summons et al., 2011).
Additionally, lipid biomarkers have a long history in analyses and investigations of
present microbial life (Kates 1978; Volkman et al., 1998; Volkman 2006; Rashby et
al., 2007; Jahnke et al., 2004; Parenteau et al, 2014). The ubiquity of lipids in life
and their longevity in the terrestrial fossil record makes them excellent targets for
the search for evidence of life on Mars. For these reasons, I focused my dissertation
research topics on lipid biomarker preservation and detection.
Determining the initial (modern) preservation state of biomolecules is critical in
understanding the long-term (geologic) preservation of organic material (Keil and
Mayer, 2014), particularly for diagnostic biomolecules such as certain classes of lipid
compounds. Biomarkers undergo a predictable pathway of degradation and subse-
quent preservation in sediments (Fig. 1.1). The preservation of biomarkers is dic-
tated by a primary biotic forcing and subsequent environmental parameters including
temperature, overburden pressure, radiation, mineralogy, oxidizing conditions, and
dryness. When a living organism dies, its intact cellular material is degraded by the
action of other microbes and enzymatic material (Skopintsev, 1981; Kuzyakov, 2010).
After microbial degradation, remaining degraded biomolecules may be subjected to
special circumstances such as fast sedimentation and shallow burial that lead to initial
geologic preservation (Burdige, 2007; Farmer and Des Marais, 1999). Material will
undergo diagenesis and may be preserved over geologic time if deep burial or other
processes occur (Eglinton and Logan, 1991; Knoll et al., 2007). Finally, remaining
biomarkers will have to survive exhumation (e.g. Banerjee et al., 2006) and, on Earth,
microbially mediated degradation at the surface (Petsch et al., 2001) before they can
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be collected and analyzed. On Mars, surface exposure results in even faster rates of
degradation of organics and putative biomarkers due to the radiative environment
(Pavlov et al., 2012) and oxidizing conditions of soils (Benner et al., 2000).
To date, many biomarker investigations have focused on end-stages of biomarker
degradation, typically in marine or lacustrine environments with a high concentra-
tion of biomass. Instead, my dissertation research focuses on the comparatively less
understood earlier stages of degradation (Fig. 1.1) in a unique terrestrial environ-
ment, the hyperarid core of the Atacama Desert in Chile in near-surface soils with
extremely low concentration of biomass. In Chapter 2, I use lipid, protein, and amino
acid biomarkers of living and dead organisms as indicators of microbial activity to
understand the habitability of surface soils under increasingly dry climatological con-
ditions. In Chapter 3, given the nearly negligible levels of microbial activity in the
driest soils in the Atacama, I assess preservation of lipid biomarkers under extremely
dry conditions as a means of exploring how dryness may influence preservation pro-
cesses of lipid biomarkers may operate on the martian surface. Finally, in Chapter
4, relying on biomarker data collected by standard laboratory techniques reported
in the previous chapters, I assess the detectability of biomarkers in biomass-poor,
oxidant-rich soils with current and future Mars flight instrumentation.
1.2 Planetary Analog Research
The goal of “planetary analog research” is to study processes occurring in terres-
trial environments in order to understand and predict how those processes might be
occurring in analogous extraterrestrial environments. Much of the field focuses on
understanding the limits of terrestrial life in “extreme environments” on Earth, and
applying that knowledge to better understand how to “seek, identify, and characterize
life and life-related chemistry that may exist or have existed on other solar system
bodies,” (NASA PSTAR Solicitation, 2016). The Atacama Desert in Chile is consid-
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Figure 1.1: Flow chart of the typical pathway of biomarker preservation from living
organism through early degradation processes to incorporation into the geological
record. The focuses of the three thesis chapters are highlighted in yellow.
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ered by many to be a Mars analog environment (e.g., Navarro-Gonzalez et al., 2003;
McKay et al., 2003). For my dissertation research, I have primarily focused on how
the e↵ects of extreme and prolonged dryness alter processes of biomarker preservation
and distribution.
1.3 The Yungay Region of the Atacama Desert: Hyperaridity, Age, Soil
Properties, and Aridity Gradient
The Atacama Desert in Chile is an old, temperate desert about 1000 kilometers in
length running parallel to the Pacific Ocean (Warren-Rhodes et al., 2006). It is
possibly the driest region on the planet as well as one of the longest-lived deserts
(McKay et al., 2003). The desert has been arid to semi-arid for about 150 million
years (Hartley et al., 2005), and has experienced extreme aridity for the last 10-
15 million years (Hartley and Chong, 2002). It is believed that this most recent
period of extreme aridity has been punctuated by short-lived periods of increased
wetness (e.g. Jordan et al., 2014). The active subduction zone in Chile has created
many mountain ranges, including the Andes and the coastal ranges (e.g. the Vacuña
Makenna Mountains near the Yungay region) that have acted as natural barriers
against precipitation in the central depression of the Atacama, shielding the region
from the prevailing stable and long-lived south-east trade winds through a rainshadow
e↵ect that results in warm dry air descending upon the desert (Houston and Hartley,
2003). Additionally, the north-flowing cold Humboldt ocean current (Garreaud et al.,
2010) o↵shore is unable to pick up much moisture. The confluence of these factors
has resulted in the extreme dryness of the central depression of the Atacama, so much
so that seismicity has played a noticeable role in erosion in this region (Quade et al.,
2012), and ventifacts such as pyramidal rocks can be abundantly observed. Prolonged
and extreme dryness has led to an “extraordinarily uncommon” landscape (Jordan et
al., 2014), and to development of unusual soil properties as described below, including
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the accumulation of rare salts and low concentrations of aged biomass.
The Yungay region (Fig. 1.2), located within the driest region in the Atacama
between ˜22 S to 26 S latitude (Börgel, 1973), is considered to be hyperarid according
to the United Nations Environment Programme (UNEP) definition with an aridity
index value of 0.001 (Davila and Schulze-Makuch, 2016). This region is 100 times
drier than the Mojave Desert. Even the nearby coastal city of Antofagasta is 30
times drier than the Mojave. The mean annual temperature in Yungay is 19 C, with
temperatures ranging from -10  to 40 C. The mean annual precipitation is << 2mm
per year, with rain events only occurring about once per decade (McKay et al., 2003;
Warren-Rhodes et al., 2006). The last two times rain has fallen in Yungay were in
2015 and 2006, with <4 mm falling on both occasions. Additionally, it has been
shown that more than a few millimeters of rainfall is required in order for water to
percolate through the top soil in Yungay (Davis et al., 2010).
The prolonged dryness has caused rare salts to accumulate in Yungay, such as
nitrates, sulfates, chlorides, and perchlorates. Much of this salt has been mined
over the last 100 years and has contributed significantly to the Chilean economy
(Dorfman, 2004). Accumulated salts act as a barrier to moisture at deeper points
in the soil column. A 10 cm thick gypsum/anhydrite layer located at about 10 cm
depth throughout the region can expand by approximately 700% when wetted by the
decadal rain event (Ewing et al., 2006), causing meter-scale polygonal fracturing to
form in the upper surface layer. At a depth of 150 cm there is a ˜10-20 cm thick halite
unit which also acts as an “aquiclude” against percolating water (Ewing et al., 2006
& 2008). These units undoubtedly have had an influence on how material is able to
move around in the upper portion of the soil column, as well as acted to prevent the
flow of the small amounts of rainwater to deeper, buried clay units since the onset of
hyperaridity in this region about 2-6 million years ago. The water table is currently
at about 100 m below the study site of interest in Yungay. The role of groundwater
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Figure 1.2: Map of the driest region in the Atacama Desert from 22 S to 26 S. Study
sites shown with stars.
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in the formation of the halite unit should be explored in future studies of the region.
Surface age exposure at Yungay is dated to be >2 My based on cosmogenic ra-
dionuclide concentrations in boulders and Ar isotopes in interbedded volcanic ash
(Ewing et al., 2006). The stratigraphic sequence in this region spans 2-6.6 My (Wang
et al., 2015) based on 10Be concentrations in the soil column down to approximately
2 m depth. Skelley et al., (2007) found organics in the surface soil to be ˜1,000 to
100,000 years old based on the racemization of amino acids. Organic material con-
tained within the soil is radiocarbon dead below about 1 m (Ewing et al., 2008),
meaning that it is older than 40,000 years.
The extended periods of extreme dryness have also resulted in low concentrations
of biomass in Yungay surface soils, the lowest reported on Earth, with cell counts es-
timated to be between 10 and 10,000 cells per gram of soil (Navarro-Gonzales et al.,
2003; Crits-Christoph et al., 2013). In this region, there is also a general lack of habi-
tation by plants (Fig. 1.3), lichens, archaea, endolithic and hypolithic communities,
and soil microorganisms (Navarro-González et al., 2003; Warren Rhodes et al., 2006).
Surface bacterial composition is more consistent with deposition of organisms con-
tained in atmospheric aerosols rather than an in-situ population (Lester et al., 2007;
Connon et al., 2007). The lack of colonization by organisms, especially plants, which
are active recyclers and distributers of organic carbon in the majority of terrestrial
environments, allows an opportunity to look at the distribution, preservation, and
transport of organic carbon with primarily abiotic processes occurring (Ewing et al.,
2008). In this unique system, organic carbon is deposited by atmospheric processes
where it then undergoes photolysis at the surface, limited dissolved transport within
only the upper meter of the soil column, and limited decomposition (Ewing et al.,
2008).
To the south of Yungay, moisture increases marginally from <<2 mm/year to
about 10 mm/year within about 200 km near Chañ (from 24  to ˜26 S, Fig. 1.2).
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Figure 1.3: Panoramic photo of study site in the Yungay region showing general lack
of colonization by macroscopic organisms. The soil pit (discussed in Chapter 3), in
the right-center part of the photograph, is about 1 meter across.
This aridity gradient is a useful and well-studied feature of the Atacama (Navarro-
Gonzalez et al., 2003; Warren-Rhodes et al., 2006), and has primarily been used
to understand the response of the biological system to increasingly dry conditions.
Significant ecological changes are observed to occur with increasing dryness over this
short distance, including a decrease of cultural heterotrophic colony forming units
(Navarro-Gonzalez et al., 2003), a decrease in the amount of benzene and formic acid
detected by pyrolysis GC-MS of soils (Navarro-Gonzalez et al., 2003), a decrease in
bacterial diversity (Navarro-Gonzalez et al., 2003: Crits-Christoph et al., 2013), a
decrease in hypolithic colonization of cyanobacteria of quartz stones (Warren-Rhodes
et al., 2006), and an increase of radiocarbon age of hypolithic communities (Warren-
Rhodes et al., 2006). This has led some to conclude that the “dry limit of life” had
been crossed in the driest parts of the Atacama, although this remains a point of
contention in the literature (Crits-Christoph et al., 2013; Azua-Bustos et al., 2015).
1.4 Scope of Dissertation
1.4.1 Chapter 2
While the majority of the Earth’s surface is habitable by organisms adapted to the
imposed set of environmental conditions, extreme and prolonged dryness may pro-
duce too great a challenge for microbial survival. While DNA and other organic
material has been identified in the driest soils in the Atacama Desert, it is still un-
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clear whether or not microorganisms are capable of growth when a few millimeters
of rainwater are available only once per decade. In this chapter, I measure a suite
of molecular biosignatures over increasingly dry climatological conditions along the
Atacama’s aridity gradient in the driest region of the desert to test the hypothesis
that soils organisms are active in-situ. This includes analysis of lipid biomarkers
that are proxies for microbial activity, degree of racemization of amino acids, and
proteins/peptides that are typically found in organisms under stressful environmen-
tal conditions. Results suggest that organisms are not active in the driest soils in
the Atacama, as indicators of metabolic activity are either not present (some lipids),
fragmented (protein/peptides), and/or have been excluded from metabolic activity
for tens of thousands of years (amino acids). Thus, my data suggests that organisms
are not adapted to the extreme and prolonged dry conditions in the driest part of
the Atacama. The inactivity of the majority of microorganisms in these soils allows
me to assess the preservation of lipid biomarkers primarily due to abiotic degrada-
tion processes in the following chapter. These findings are significant in assessing the
habitability of the surface of modern Mars, which is many orders of magnitude drier
than the driest parts of the Atacama.
1.4.2 Chapter 3
Understanding the preservation or taphonomy of organic matter in the geologic record
has been critical for reconstructing the evolutionary history of life on Earth, and for
developing strategies to search for evidence of life elsewhere. Microbes are incredibly
e cient at metabolizing organic matter to CO2, and are responsible for the decom-
position of 99.9% of biomass produced by primary productivity. Environments in
which microbial activity is greatly limited may enhance the preservation of organic
compounds, even over long periods of time. This chapter describes the preservation
state of labile biomarkers in extremely dry environments where microbial activity is
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limited by low water potential. To my knowledge, this study is the first examina-
tion of taphonomic processes in hyperarid settings. Specifically, we characterize the
preservation of lipids in soils that have experienced extreme dryness for 10-15 million
years. Analysis of clay layers containing fossil organic matter between >40,000 years
(carbon dead) and ˜2 million years old reveals exceptional structural preservation of
functionalized fatty acids and other labile lipids. Due to the hyperaridity, protection
from rainwater, and subsequent suspension of microbial degradative activity, these
fragile lipids have not been significantly degraded or transformed since their synthe-
sis, a taphonomic process termed ‘xeropreservation.’ These findings are significant
in revealing the stability of labile, functionalized lipids under hyperarid conditions,
and point to the possible preservation of other labile biomolecules. Despite the low
productivity of deserts, xeropreservation of biomolecules in hyperarid settings, which
comprise 7.5% of the continental landmass, could represent a rich, but relatively un-
explored source of paleobiological information. These results are also important for
the search for evidence of life on Mars, where hyperarid conditions have prevailed for
most of the planet’s history.
1.4.3 Chapter 4
Utilizing the measurements of biomarker content in Atacama soils in the previous
two chapters using traditional laboratory techniques as a baseline, the ability of Mars
flight-instrumentation to detect organics and biomarkers is tested. This includes a
prototype for a Raman instrument slated to fly on the ExoMars mission in 2020,
similar to that to be used by NASA’s Mars 2020 mission, as well as an Evolved
Gas Analyzer similar to that currently being employed onboard the Mars Science
Laboratory. Both techniques are significantly more operationally simple than stan-
dard laboratory organic analysis. Results reveal that only two non-specific carbon
bands are detectable by the Raman flight technique in biomass-poor Atacama soils.
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On the contrary, evolved gas analysis reveals an abundance of organic ions despite
low concentration of organics and high concentrations of oxidizing salts in soils such
as perchlorate. Furthermore, this technique is suggestive of the breakdown of fatty
acids and other cellular contents in surface soils, as well as informative about the rela-
tionship between organic and inorganic material contained within older soil samples.
Both techniques reveal only basic information about organic and putative biomarker
content of samples, suggesting that operational simplicity comes at a great scientific
cost.
1.4.4 Chapter 5
I close this dissertation with a discussion of broad conclusions and implications of
this work, particularly as it pertains to the conditions on the martian surface. I also
recommend directions of future investigations in the Atacama and other planetary
analog environments such as the Antarctic Dry Valleys.
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CHAPTER 2
DECLINING TRENDS OF MICROBIAL ACTIVITY IN ATACAMA
DESERT SOILS WITH INCREASING DRYNESS INFERRED FROM
BIOMARKER CONTENT
2.1 Introduction
Desert environments are colonized by desiccation-tolerant organisms capable of en-
during severe dehydration and resuming metabolic activity shortly after rehydration
(Noy-Meir, 1973; Potts, 1994; Alpert, 2005; Proctor et al., 2007; Pointing and Bel-
nap, 2012; Lebre et al., 2017). The physiological and ecological adaptations involved
in desiccation-tolerance have been studied for decades (e.g., Noy-Meir, 1973; Potts,
1994; Alpert, 2005; Pointing and Belnap, 2012; Wierzchos et al., 2012), but the actual
limits of desiccation-tolerance are still poorly constrained across the three domains
of life (Alpert, 2005). Beyond the implications for terrestrial ecosystems, a better
understanding of the environmental limits of desiccation-tolerance would be relevant
to habitability models of Mars, today and in the past (Davila and Schulze-Makuch,
2016).
Desiccation stress is particularly severe in hyperarid soils of the Atacama Desert
in northern Chile (Rundel et al. 1991; McKay et al., 2003; Navarro-González et al.,
2003). The extreme dryness has resulted in some of the lowest levels of biomass
observed in any surface environment on Earth (Ewing et al., 2008; Crits-Christoph et
al., 2013), and past investigations have largely focused on determining whether extant
microorganisms are present in the soils, with variable success (Navarro-González et
al., 2003; Connon et al., 2007; Lester et al., 2007; Crits-Christoph et al., 2013; Aza-
Bustos et al., 2015). Labeled release experiments, similar to those performed by
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the Viking Landers on Mars, showed no biological response in hyperarid Atacama
soils (Navarro-Gonzlez et al., 2003); but follow-up studies demonstrated that viable
microorganisms are in fact present (Connon et al., 2007; Lester et al., 2007; Crits-
Christoph et al., 2013; Azúa-Bustos et al., 2015). It remains to be determined whether
these microorganisms have an acute tolerance to extreme desiccation (Azúa-Bustos
et al., 2015); whether they represent a native soil population surviving on rare and
sporadic rain events (Crits-Christoph et al., 2013); or whether they are merely wind-
transported organisms from other, more active regions; and/or they reflect a soil
population preserved from a wetter epoch in the Atacama’s history (Connon et al.,
2007).
We conducted a survey of biomolecular proxies for metabolic activity in soils of
the Atacama Desert across a steep rainfall gradient from about 10 mm/year to <2
mm/year (Navarro-González et al., 2003; Warren-Rhodes et al., 2006). We hypothe-
sized that soil microbial activity levels would change along the gradient in response to
increasing dryness, and these changes would be reflected in the type and abundance
of metabolic markers. Markers of metabolic activity could decline in abundance along
the gradient due to diminishing levels of biomass, but stress-response markers from
desiccation-tolerant strains ought to still be present in the driest soils. This would
hold even if metabolic activity was limited to episodic spurts, especially given the ex-
cellent conditions for lipid biomarker preservation over tens to hundreds of thousands
of years (see Chapter 3). Instead, our results suggest that organisms in the driest
soils in the Atacama are not metabolically active, or so few organisms are active that
the abundances of potential molecular biomarkers that would have been generated
would be too low for detection even by the sensitive laboratory techniques utilized.
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2.2 Biomarker Proxies for Metabolic Activity
The presence of cyclopropane fatty acids (CFA) is a proxy for microbial activity and
stress response, because many bacteria modify their existing membrane unsaturated
fatty acids into CFA in response to environmental stressors, which include exposure
to oxidants, starvation, desiccation, and large temperature fluctuations (Marr and
Ingraham 1962; Guckert et al., 1986; Grogan and Cronan, 1997; Annous et al., 1999;
Chen and Gnzle, 2016). CFA enhance the stability of membranes under environmental
stress, decrease membrane permeability against toxic compounds (Poger and Mark,
2015), and aid in bacteria revival after freeze-drying (Muoz-Rojas et al., 2006). In
Atacama soils, the presence of CFA could be a proxy for soil microbial activity, with
an expected higher relative abundance of CFA with increasing dryness. In addition,
CFA could also be a proxy for past episodes of metabolic activity becausethere is
no microbial known mechanism to reverse the cyclopropanation of phospholipid fatty
acids within the membrane (Zhang and Rock, 2008). Abiotic and biotic degradation of
CFA is not expected in this hyperarid setting, given that that fatty acids, including
those with unsaturations, are well-preserved in these hyperarid soils (Chapter 3).
Additionally, cyclopropane functionality is more stable than unsaturation (Zhang
and Rock, 2008).
The ratio of trans to cis unsaturation fatty acid isomers is another metabolic
stress marker in bacteria. The conversion of cis unsaturated fatty acids to trans is an
adaptive mechanism that can be used by bacteria to modulate membrane fluidity in
response to environmental changes (Heipieper et al., 2003). A few bacteria have been
shown to increase the ratio of trans/cis unsaturated fatty acids in response to stressors
such as nutrient deprivation, low temperatures, and osmotic stress (Guckert et al.,
1986; Okuyama et al., 1991; Heipieper et al., 1995; Heipieper et al., 1996). Therefore,
an increase in this ratio with increasingly dry conditions could be interpreted as an
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indication of a metabolic adaptation.
Additionally, there are a number of proteins that are expressed when organisms are
exposed to environmental stressors (Shirkey et al., 2000) such as heat shock proteins;
IsiA protein for iron deficiency (Chen et al, 2005; Wilson et al., 2007); superoxide
dismutase for oxidative stress (Shirkey et al., 2000); or sodA protein involved in
resistance to radiation (Markillie et al., 1999. Hence, the presence and structural
integrity of these proteins could be an indicator of current or past metabolic activity
in desert soils.
Most organisms utilize only L-enantiomer amino acids to synthesize proteins. In
microbially active soils, if proteins are continuously synthesized, the D/L ratio of
amino acids ought to be low. However, in the absence of active metabolic processes,
amino acids racemize; i.e., L- and D- enantiomers interconvert until they are present
in equal amounts. For that reason, the D/L ratio of amino acids is commonly used to
assess the approximate age of organic material contained in the fossil record (Bada et
al., 1999). Aspartic acid has one of the highest rates of racemization (Poinar et al.,
1996), which makes it a useful proxy for suspended metabolic activity in samples that
have ages of a few thousand to tens of thousands of years. An important caveat is
that bridging peptides in peptidoglycan, the main structural component of bacterial
cell walls, contain D-amino acids (Schleifer and Kandler, 1972), which can lead to
biological enhancement of D/L ratios where cell walls preferentially accumulate in
the environment (McCarthy et al., 1998).
2.3 Field Site
Sampling sites were selected based on previously published studies of the Atacama’s
microbial ecology in order to have comparable datasets (Navarro-González et al.,
2003; Warren-Rhodes et al., 2006; Ewing et al., 2008; Crits-Christoph et al., 2013;
Azúa-Bustos et al., 2015). Sites were located along a south to north transect from
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latitudes of 26  to 24 S, centered at 70 W. Mean annual precipitation along the
transect decreases from about 10 mm/year to <<2 mm/year (Navarro-González et
al., 2003). While the totality of this particular transect is considered hyperarid based
on the United Nations Environmental Program (UNEP) Aridity Index (AI) definition
(AI< 0.05), AI values decline by an order of magnitude from 0.01 to 0.001 over
these latitudes (Davila and Schulze-Makuch, 2016). Samples were collected on post-
Miocene alluvial fan deposits to minimize geological variation and exposure ages and
to simplify interpretation of ecological results. From south to north these sites include
Chañaral (26  9’50.34”S, 70 17’6.30”W), Altamira (25  41’6.84”S, 70  16’30.96”W),
Aguas Calientes (25  14’38.50”S, 69  51’42.40”W), Mina Julia (24  53’37.74”S, 69 
53’55.38”W), Yungay/Yungay South (24  6’5.16”S, 70  1’5.04”W), Yungay North
(24  5’30.54”S, 70  0’2.52”W) and Maria Elena (22 16’5.82”S, 69 43’18.48”W) and
are plotted in Figure 2.1a.
2.4 Methods
2.4.1 Sample Collection
Samples were collected for laboratory analyses in September 2014. In addition, im-
munoassays (see below) were performed on-site in the Atacama in February 2017
on samples collected at selected sites along the transect. Due to the extremely low
inventory of biomass in Atacama soils (Ewing et al., 2006), samples were collected
by scientists wearing full-body, sterile, clean-room suits (<1 colony forming unit per
10,000 garments), masks, glasses, and gloves to minimize the introduction of anthro-
pogenic biological contaminants (Meadow et al., 2015) during sampling. Soil samples
from the surface (0 cm) to 5 cm depth were excavated from each sample site. A
solvent-cleaned spoon was used to scoop samples into three 8 oz glass jars (holding
approximately 300 g of soil each) that had been heated to 500 C for greater than
8 hours to combust all traces of organic material. Each sample was collected using
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Figure 2.1: Changes in biomarker content and aridity are plotted with lat-
itude. A. Map of the Atacama Desert with soil sites marked with stars. B. Annual
precipitation values are written at latitudinal locations. Red color indicates region
experiencing only mm-decadal rain events, Orange and yellow indicates regions that
receive 5-10 mm precip./yr. Based on Navarro-González et al., (2003). C. Aridity In-
dex values,(AI), mean annual precipitation/potential evapotranspiration. This entire
region, with AI <0.05 is hyperarid. D. The total LDChip antibody microarray flores-
cence of proteins and peptides, the sum of florescence of 242 spots. E. Total number
of unique fatty acids 12-30 carbons (normal and saturated, dicarboxylic, branched,
and unsaturated fatty acids), a proxy for organism diversity. F. The total concen-
tration of normal, saturated FAMEs n-C12:0-n-C30:0. Values indicate the amount of
common membrane lipids of living, dormant, and dead organisms. G. Cyclopropane
fatty acids (CFA) were only detected in Altamira and Chaaral soils. Values of 0 at
the drier sites indicate that CFAs were not detected. The presence of CFA indicates
membrane modulation under stress, and thus metabolic activity. H. D/L ratios of
aspartic acid from hydrolyzed proteins, peptides, and humic complexes. Increased
racemization indicates that organic material is older.
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a unique spoon to minimize cross contamination. Samples were kept frozen during
transport and then stored at -20 C until analysis.
2.4.2 Lipid Extractions and Analysis
Glass jars containing samples were removed from the -20 C freezer and kept for 30
minutes to 1 hour at room temperature to prevent condensation of moisture onto the
soil. Soils were not lyophilized in order to reduce the exposure time to the laboratory
environment and minimize contamination risk; this step was not considered critical
given their extremely low water content. Preliminary samples that were lyophilized
to estimate water content in soil showed only 1.4% reduction in mass due to water
loss.
Hundreds of grams of soil were removed from the glass jars and then homoge-
neously powdered with a ceramic mortar and pestle that had been previously solvent-
rinsed and combusted (550 C, 12 hours). Soil mass was scaled based on previously
measured lipid abundances in soils to ensure detection lipids of low relative abundance
such as C17 cyclopropane fatty acids (Ewing et al., 2006; Wilhelm et al., 2017): [88.8
g of Chañaral soil to 221.7 g of biomass-lean Yungay soil].
Soil samples were extracted using a modified Bligh and Dyer protocol (Bligh and
Dyer, 1959; Jahnke et al., 1992). The protocol was modified primarily to minimize
transfer steps and contamination and loss of biomass during extraction (Wilhelm
et al., 2017). Three extractions were performed on powdered sample: 40 mL of
HPLC-grade water, 100 mL of pesticide-grade methanol, and 50 mL of pesticide
grade-methylene chloride (DCM). After the addition of solvents, the resultant slurry
was sonicated, stirred, and left to settle until solvent became mostly clear, at which
point it was poured into a new previously combusted flask.
Solvent extracts were then added to a solvent-washed Teflon separatory funnel
with 180 mL of extract and 47 mL of methylene chloride and inverted two times
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to mix. Water (47 mL) was then added to drive the methanol into the aqueous
phase, and the mixture was gravimetrically separated. The methylene chloride layer
was slowly drained into a new flask; the methanol and water phase discarded. The
resulting extract was evaporated under a stream of N2 and transferred into smaller
previously combusted vials until ˜100 µL remained. Care was taken to minimize the
number of containers used in the evaporation process and to thoroughly rinse and
sonicate the sides of all vessels after draining to recover any lipid left behind. This
evaporation process concentrated the extract by roughly 3 orders of magnitude.
Thirty percent of the total lipid extract (TLE) was used for analysis by gas
chromatography-mass spectrometry (GC-MS). The TLE was derivatized via a medium
acid hydrolysis using commercial methanolic HCl 0.5N (Supelco, LC08137B) follow-
ing the Kates (1986) procedure, which adds a methyl group to the carboxyl moiety
of any free fatty acids present (Wilhelm et al., 2017), and also transesterifies complex
lipids (membrane-bound fatty acids, such as phospholipids and glycolipids) to gener-
ate fatty acid methyl esters (FAME). This acid methanolysis treatment generates a
‘total’ solvent-extractable fatty acid pool present as FAME. An unsaturated n-C22:1
FAME standard (Sigma-Aldrich) (40 µl of a 25 ng/l standard) was then added to the
TLE for a mass of 25 ng per 1 µl injection into the GC-MS.
The final volume of 30% of the derivatized TLE in DCM was 40 µL, which con-
tained 30% of the derivatized total lipid extract. 1/40th of this volume was then
injected into the GC-MS. GC-MS of lipids was performed on an Agilent 7890B GC-
5977A MSD system equipped with an Agilent DB-5MS column (60 m x 250 µm x
0.25 µm, Agilent, Santa Clara, CA, USA) with high purity helium as carrier gas
at 1mL/min. The inlet temperature was 280 C. Initial oven temperature was 50 C,
ramped to 120 C at 10 C/min, then increased from 120 C to 320 C at 4 C/min and
held at this temperature for 5 min. The MS source temperature was 280 C. Our
instrument is capable of detecting 1 picogram of a C23 FAME standard using the
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same 60 m DB-5MS column and heating protocol as was used in analysis.
2.4.3 Monounsaturated Fatty Acid Double-Bond Position and Cyclopropane Fatty
Acid Determination
Because it is di cult to distinguish unsaturated fatty acids from CFA due to similar
elution and mass spectral patterns, the unsaturated fatty acids were derivatized using
dimethyl disulfide (DMDS) to determine the double bond positions (Yamamoto et
al., 1991), as well as chromatographically separate these compounds from the CFA.
The FAME fraction (30% of the TLE) was added to a reaction vial and treated with
300 µL DMDS and 4 mg iodine and heated to 35 C for 30 minutes and cooled. 1 mL
of hexane-diethyl ether (1:1) was added to this mixture and then it was titrated with
10% aqueous Na2S2O3. The FAME-DMDS adducts, as well as un-reacted saturated
FAME and the CFA, were extracted with hexane:dichloromethane (4:1, v:v), and
concentrated to a final volume of 20 µL. 1/20 µL of this final volume was injected
on the GC-MS using the previously described chromatographic conditions. Mono-
and diunsaturated FAMEs form DMDS adducts with distinct spectra that elute at
later points in the chromatogram, whereas CFA are una↵ected by this treatment and
remain at the same elution time as in the previous FAME chromatogram.
FAME are described using the nomenclature “number of carbons:number of un-
saturations,” followed by double-bond locations referenced from the delta ( ), or
carboxylic, end of the molecule.
2.4.4 Bound Amino Acid Extraction and Analysis
Only previously unopened jars of soil samples were used for amino acid analyses.
All extraction steps were done in a Labconco B2 Biosafety Cabinet that intakes
air and passes it through a HEPA filtration system, substantially lowering the risk
of contaminating biomass-poor samples. The interior filtered environment of this
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Biosafety Cabinet is certified as a Class 100 clean room). Scientists wore clean-room
suit sleeves while working with the samples inside the biosafety cabinet in order to
further reduce the risk of anthropogenic contamination of samples. Samples were
first ground in a unique mortar and pestle that was previously heated to 550 C for 12
hours. An acid hydrolysis extraction protocol was utilized to liberate bound amino
acids (i.e., proteins, humic complexes, peptides) from soils. It is estimated that in
typical soils, 99.5% of amino acids are in a bound (polymeric) form and the remainder
are “free” (Stevenson, 1982). These proportions, estimations of the concentration of
amino acids relative to other biomarker classes already measured in Yungay soils
(Wilhelm et al., 2017), and instrument detection limits were taken into account to
determine the approximate mass of soil required for extraction. 2.5 mL of 6M HCl
in amino acid-free H2O (Sigma-Aldrich) was added to approximately 3 g of ground
soil in heat-cleaned (550 C for 12 hr) glass reaction vials. Vials were then sealed and
heated for 24 hours at 100 C (Bada et al., 1999, filtered through combusted silica
filters to remove solid particles, and dried on a rotary evaporator.
In preparation for chiral analysis by GC-MS, each sample was acidified and de-
salted with a column of ion exchanging resin: AG 50W-X4, 100-200. After drying,
the carboxyl and amine moities on the amino acids were derivatized with a mixture
of (+)-2-butanol/acetyl chloride to form (+)butyl esters (on carboxyl groups) and
a mixture of trifluoroacetic anhydride (TFAA)/ethyl acetate to add trifluoroacetyl
groups to amino nitrogens: the resulting compounds are “(+)butyl/TFA” deriva-
tives. After complete drying, each sample was brought to a final volume of 40 µL
with ethyl acetate: this represented 30% of the derivatized amino-acid extract. 1 µL
of each was injected into a GC-MS. This GC-MS was an Agilent 6890N GC coupled
to a 5975 MS (Agilent, Santa Clara, CA, USA). The GC oven was equipped with an
Agilent DB-17MS column (60 m x 0.250 mm x 0.25 µm, with helium as carrier gas
at 1mL/min. The inlet temperature was 230 C; initial oven temperature was 35 C;
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oven was ramped to 70 C at 3 C/min and held 30 min, temperature then increased
to 90 C at 2 C/min, then increased to 230 C at 3 C/min and held for 60 min; MS
source temperature was 280 C. In this configuration the GC-MS is capable of detect-
ing low femtomole quantities of amino acids. Laboratory blanks were found to be free
of amino acids.
2.4.5 Immunoassays
Antibody microarrays: printing LDChip and fluorescent sandwich immunoassay
The Life Detector Chip (LDChip) is a powerful analytical technique that can be
performed in the field immediately after sample collection to avoid any alteration of
biomarker degradation during transportation and storage. All samples were analyzed
in the field a few hours after collection.
LD Chip is an antibody microarray-based biosensor (Rivas et al., 2008; Parro et al.,
2011; 2016) that contains over 200 antibodies with broad specificities produced against
biological polymers including lipo/exo-polysaccharides; bacterial strains belonging to
main taxonomic groups (Alpha-, Beta-, Gamma-, Delta-Proteobacteria; Cyanobacte-
ria, Actinobacteria, Firmicutes, Bacteroidetes); and Archaea, among others (Rivas et
al., 2008; Parro et al., 2011; 2016). Antibodies showing positive immuno-recognition
are shown in Figure 2.5.
The Immunoglobulin (IgG) fraction of each antibody (after protein A a nity pu-
rification) was printed on epoxy-activated glass slides (Arrayit, CA, USA) using a
MicroGrid II TAS arrayer (Biorobotics, Genomic Solutions, UK) as reported previ-
ously (Rivas et al., 2008; Parro et al., 2011). For the fluorescent multiplex sandwich
immunoassay, all protein A-purified antibodies were fluorescently labeled with Alexa
647 fluorochrome (Molecular Probes, OR, USA) following vendor recommendations,
checked, titrated and used as described (Rivas et al., 2008; Blanco et al., 2017).
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Sample preparation and Immunoassays with LDChip
Up to 0.5 g of soil samples were suspended in 2 mL of TBSTRR bu↵er (0.4 M Tris-HCl
pH 8, 0.3 M NaCl, 0.1% Tween 20) and sonicated using a manual and portable ultra-
sonicator (Dr. Hielscher 50 W DRH-UP50H sonicator, Hielscher Ultrasonics, Berlin,
Germany) for 3x 1 minute cycles, with 30-second pauses on ice. Then, samples were
filtered through 5 µm nitrocellulose filters to remove sand and coarse material. The
filtrates were used as a multianalyte-containing sample for the fluorescent sandwich
microarray immunoassays (FSMI) as described in previous works (Parro et al., 2011;
Blanco et al., 2017; Parro et al., 2016).
LDChip image processing and quantification
The LDChip microarray images were analyzed and quantified by GenePix Pro Soft-
ware (Molecular Devices, Sunnyvale, CA, USA). The local background (B) as quan-
tified by GenePix software was subtracted. Then, the final fluorescence intensity A
of each antibody spot was calculated following the equation: A= (F635-B)sample-
(F635-B)blank, where F635 is the median of the fluorescence of all the spot pixels at
635 nm, either from the sample or the blank assay (only bu↵er instead of sample), as
previously reported (Parro et al., 2011; Rivas et al., 2008). An additional 2.5 times
the average of A was applied as cuto↵ value to all spots of the array to minimize false
positives.
2.5 Results
2.5.1 Lipids and Amino Acids
The abundance and diversity of free and membrane-bound fatty acids analyzed as
FAME were generally found to decrease along the transect (Fig. 2.1). The number of
unique fatty acids detected was found to decrease from 138 in the Chañaral surface
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soils to less than 50 in Yungay and Maria Elena soils (Fig. 2.1e). These FAMEs
included chain lengths between C12 and C30 and the alkyl chains included terminal
and mid-chain methyl branches, mono- and polyunsaturated bonds, and, sometimes,
a second carboxyl function. The lowest total abundance of normal, straight-chain
saturated fatty acids (SFAs) measured along the aridity transect were in Yungay and
Maria Elena soils (Fig. 2.1f). Yungay soils had 0.089 µg of n-C12:0 - n-C30:0 SFAs per
g of soil. Chañaral and Altamira soils contained 5 — 20 times more normal SFAs than
Yungay soils: 0.4 and 1.5 µg/g soil, respectively. Yungay also contained the fewest
distinct monounsaturated fatty acids, with only two detected in soils collected at the
“Yungay North” site. Altamira and Chañaral had much higher monounsaturated
fatty acid content, exhibiting similar diversity to each other (Fig. 2.3).
Only the n-C16:1 9 and n-C18:1 9 monounsaturated fatty acids were detected in all
samples along the transect (Fig. 2.3). Both cis and trans n-C16:1 99 were detected at
all sites, and this unsaturated fatty acid was the only one to have detectable cis and
trans isomers. The ratio of trans to cis n-C16:1 9 decreased with increasing dryness
(Fig. 2.2). All ratios were less than or equal to 0.01. The highest trans/cis value
measured was in Chañaral samples at 0.012, and the lowest value was 0.003 in Maria
Elena soils.
The C17 cyclopropane fatty acids (CFA) were only detected in Chañaral and Al-
tamira soils at abundances of 0.05 and 0.12 µg/g soil, respectively (Fig. 2.1g). CFA
were not detected in Mina Julia, Yungay and Maria Elena soils. The ratio of CFA to
SFAs was 0.12 in Chañaral, and 0.07 in Altamira. However, CFA were not detected
in surface soils in Yungay, Maria Elena, and Mina Julia (Fig. 2.1g). In Yungay soils,
the concentration of SFAs was 0.089 µg/g soil, which was 4 — 17 times lower than
Chaaral and Altamira, respectively. Assuming a similar ratio of CFA to SFAs (˜0.1),
the expected abundance of CFA in Yungay would still have been well above the de-
tection limit of the instrument (<1 picogram C17 CFAper gram of soil) given the
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increased mass of soil extracted (88.8 g of Chañaral soil vs. 221.7 g of Yungay soil).
Therefore, the absence of CFA in Yungay cannot be attributed to signal dilution due
to lower biomass.
The D/L ratios of hydrolyzed aspartic acid were found to increase 5 times with
decreasing aridity along the transect (Fig. 2.1h), indicating that greater racemization
had occurred at drier sites. Specifically, Chañaral soils were found to have D/L ratios
of 0.02, versus 0.10 in Yungay soils.
2.5.2 LDChip Immunoassay
The total immunoassay fluorescence significantly decreased from Chañaral to Yungay
by a factor of 24 (Fig. 2.1d). A large fraction (>75%) of the antibody spots showed
positive fluorescence in Chañaral soils (Fig. 2.5), indicating the presence of abundant
polymeric biological material. By contrast, only 7% (18/242) were positive in Yungay,
Mina Julia, and Aguas Calientes soils, mainly corresponding to antibodies to proteins
and peptides and Cyanobacteria from the Synechocystis genus. The LDChip fluores-
cence indicates the presence of proteins through screening for the antibody binding
to immunogenic peptides that are located at the most external part of the protein
structure of interest. There were 8 peptides detected out of 73 tested in all soils along
the transect (Fig. 2.6), but the immunoassay signal for these peptides decreased
by up to an order of magnitude towards the driest sites. As the aridity decreased,
the number of antibodies recognizing microbial markers increased, particularly those
corresponding to Gram-positive bacteria (Firmicutes and Actinobacteria).
2.6 Discussion
CFA were present in Chañaral and Altamira surface soils, but were not detected
in the drier surface soils in Yungay, Maria Elena, and Mina Julia (detection limit
pg/g; see Results section) (Fig. 2.1g). The lack of detectable CFA in the driest
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soils along the aridity gradient appears to be at odds with the trends in rainfall.
Chañaral and Altamira experience 5-10 mm of rainfall on average every year (Warren-
Rhodes et al., 2006), whereas Yungay, Maria Elena, and Mina Julia experience <2
mm of rainfall on average every year, with consecutive rainfall events interspaced
by ten years or more (McKay et al., 2003). The di↵erence in rainfall abundance
and recurrence ought to induce a bigger stress response in active soil communities
in the driest sites, resulting in a higher ratio of CFA to saturated fatty acids, or at
least a measurable CFA signal. Instead, our results suggest that microorganisms in
these extremely dry soils do not generate CFA in response to environmental stress.
This possibly reflects very low or nonexistent metabolic activity. The alternative
explanation that microorganisms in the driest soils are less stressed is unlikely given
that other than aridity, physicochemical conditions like temperature, mineral content,
and geologic terrain are similar between all sample sites analyzed (Warren-Rhodes
et al., 2006). Our results are consistent with previous reports of the absence of
cyclopropyl phospholipid fatty acids in Yungay soils (Connon et al., 2007).
It was expected that the ratio of trans to cis unsaturated fatty acids would in-
crease with increasingly dry conditions. Yet the opposite trend is observed along the
transect: the trans/cis ratio of the fatty acid n-C16:1 9, the only unsaturated fatty
acid with detectable trans and cis isomers in all Atacama soils analyzed, decreased
with increasing dryness (Fig. 2.2). This trend also indicates a lack of bacterial activ-
ity in the driest soils, or that the active portion of the microbial population is greatly
outnumbered by the inactive portion (i.e., signal dilution).
We observed an increase in the D/L ratio of aspartic acid liberated from proteins,
peptides, and humic complexes in soils with increasing dryness (Fig. 2.1h). The high-
est value observed was 0.13 in Mina Julia soils, and the lowest was 0.02 in Chañaral
soils. Yungay soils showed a D/L ratio of 0.10, lower than the previously observed
value of 0.4 (Skelley et al., 2007). In all samples, there is undoubtedly some contribu-
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Figure 2.2: Ratio of Trans/Cis Confirmation of the Double Bond of Unsat-
urated Fatty Acid n-C16:1 9 in Atacama Soils Along Aridity Transect. The
unsaturated fatty acid n-C16:1 9 was the only unsaturated fatty acid in detected in
all Atacama samples in which both cis and trans isomers of the double bond on C9
were present. The ratio of trans to cis for n-C16:1 9 was found to decrease with in-
creasing dryness. Bacteria modulate membrane fluidity in response to environmental
stressors by converting the cis isomer to trans. Although we might expect this ratio
to decrease with increasing dryness, the opposite is observed, perhaps indicating a
lack of detectable metabolic activity in the driest soils along the transect.
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tion of D-enantiomers from Gram-positive bacteria. However, given the age of these
soils (Ewing et al., 2006), the order-of-magnitude di↵erences in the D-enantiomer
relative abundances between sites is likely primarily due to higher racemization in
drier soils. Using a previously reported expression for calculating the “dry” sample
age based on D/L ratios of aspartic acid in the Atacama (Skelley et al., 2007), our
measured ratio returns a “dry” age of ˜14,000 years in Yungay. This age is likely af-
fected by both the viable and non-viable biomass. The viable population of organisms
would contribute mostly enantiomerically pure amino acids, whereas dead organisms
would contain more racemized amino acids. As such, the derived age of amino acids
in hyperarid soils must be taken as an approximation rather than an absolute value.
The derived age of amino acids in the driest soils supports the notion of limited, if
any, metabolic recycling of organic matter over long periods of time.
While the data show no evidence of microbial growth in samples in the driest
locations, we cannot rule out the synthesis of CFA at levels below detection limits
(<1 pg/g soil), equivalent to a few active cells (assuming an average cell dry weight
of 1 pg). Additionally, our results do not account for possible patchiness in microbial
growth at spatial scales larger than the sampling scale (roughly 20 x 20 cm). Collec-
tively, our data suggest that even after episodic rain events (McKay et al., 2003) or
fogs (Cáceres et al., 2007) that occasionally saturate surface soils at the driest loca-
tions, microbial growth might not be possible because the duration of liquid water in
the soils (Davis et al., 2010) might be too short to overcome the energetic demands
of many years of complete desiccation (Noy-Meir, 1973).
The LDChip immunoassays revealed the presence of some peptides (8 out of 73
screened for) whose proteins are usually involved in desiccation and oxidative stresses.
Their relative abundance, measured as immunofluorescence signal, decreases by about
2-13 times from Chanaral to Yungay (Fig. 2.6). Several lines of evidence may indi-
cate that the observed peptides/proteins are not being synthesized in situ in the
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driest soils. First, in the case of HtpG and DhnA, two epitopes in each protein were
searched for with the LDChip, but only one was detected in Yungay, Mina Julia,
and Aguas Calientes soils. This may imply that that the protein is not intact, or a
portion of the protein is not able to interact with the antibody. Second, the detec-
tion of peptides associated with the cyanobacterial IsiA, SodA, and SodF proteins
in Yungay soils is at odds with the absence of cyanobacterial DNA (Connon et al.,
2007; Crits-Christoph et al., 2013). However, this lack of detection of cyanobacterial
DNA could be a result of the heterogeneous distribution of communities. This sce-
nario is consistent with the immunodetection of cyanobacterial LDChip markers from
a thousand-year-old Antarctic microbial mat in which no amplifiable cyanobacterial
DNA could be detected (Blanco et al., 2017). The IsiA protein is synthesized in
cyanobacteria when under iron deficiency (Chen et al, 2005; Wilson et al., 2007); the
superoxide dismutase protein SodF is abundant in the cyanobacteria Nostoc commune
after prolonged desiccation (Shirkey et al., 2000); and HtpG has been found to be
essential in cyanobacteria acclimation to low temperature (Hossain and Nakamoto,
2002) and oxidative stress (Hossain and Nakamoto, 2003). It is possible that either
cyanobacterial DNA is present at very low levels in Yungay and has eluded detection
by PCR amplification, or these peptides are derived from other types of organisms. It
is also possible that these proteins, or their fragments, reflect transport of cyanobac-
teria from other regions of the Atacama (Patzelt et al., 2014), with a better degree
of preservation than DNA. Whether grown locally or wind transported, the LDChip
detected the presence of Synechocystis-like cyanobacterial markers in Yungay, Mina
Julia and Aguas Calientes (Fig. 2.5). Finally, DhnA, Hsp90, a homolog of HtpG, and
a homolog of WshR could have been sourced from plants. Dehydrin protein DhnA is
found in plants under desiccation stress (Saavedra et al., 2006). HtpG is a heat shock
protein found in Escherichia coli (Spence and Georgopoulos, 1989), 42% identical to
the hsp90 protein found in some plants (Krishna and Gloor, 2001). And the HR ho-
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molog of WshR is used by plants in defense against bacterial pathogens (Wright and
Beattie, 2004). Given that plants are not present in the extreme hyperarid soils and
may have been absent for up to 2 million years (Ewing et al., 2008), these proteins
or peptides were likely not synthesized in situ.
Taken together, the association of some of the detected peptides/proteins with
plants or cyanobacteria in the extreme hyperarid soils, the decrease in abundance
with increasing dryness, and singular peptide representation of a few proteins in
extreme hyperarid soils strongly suggest that these peptides were not synthesized in
situ, and instead have either been sourced from more active regions in the Atacama
and/or preserved from a more active time period in the Atacama’s history. Based on
the LDChip data alone, it is di cult to tell which of these two hypotheses are more
likely. However, previous studies have suggested that the sparse microbial population
in Yungay surface soils is primarily derived from atmospheric inputs (Connon et al.,
2007; Lester et al., 2007), and atmospheric deposition dominates the input of organics
into Yungay soils (Ewing et al., 2008). Additionally, the lack of CFA adds further
credibility to the wind-blown hypothesis for the origin of biomass, given that if CFA
were synthesized in situ, they are likely to be well preserved, especially in Yungay
soils (Zhang and Rock, 2008; Wilhelm et al. 2017). Furthermore, the unsaturated
fatty acid n-C18:1 9, one of only two detected in all transect samples analyzed (Fig.
2.3), is known to occur in spores (Graham et al., 1995; Ruess et al., 2002; Sakamoto
et al., 2004) which are easily blown by wind. Large quantities of n-C18:1 9 have
been reported in some soil spores (Madan et al., 2002). The ubiquity of n-C18:1 9
along the aridity transect may indicate that organisms and biomolecules that are
transported by aeolian processes on aerosols in this region are dominated by spores.
This is consistent with the detection of spore-forming saprobes in hyperarid sands in
the Atacama that are readily dispersed by wind (Conley et al., 2006).
Finally, microbial diversity and abundance were found to decrease with increasing
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Figure 2.3: Normal Monounsaturated Fatty Acid and Bond Position De-
tected in Transect Samples.
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dryness. We used the number of unique fatty acids as a general proxy for microbial
diversity (e.g., White et al., 1993). A positive linear correlation (R2>0.97) was ob-
served between aridity index and the number of unique fatty acids in surface soils
(Fig. 2.4). Chañaral had >3 times the number of unique fatty acids as Yungay.
This trend is consistent with DNA sequence data (Crits-Christoph et al., 2013). The
total abundance of normal saturated fatty acids also decreased with increasing dry-
ness. Altamira soils had the highest fatty acid abundances, >17 times the 88.8 ng/g
abundance of normal fatty acids detected in Yungay soils. The decline in diversity
and abundance of fatty acids with increasing dryness is consistent with LDChip total
fluorescence data and unique detections of antibodies (Figs. 1d, 4, 5). Total fluores-
cence decreased by a factor of 24 between Chañaral and Yungay. Furthermore, a large
fraction of unique antibodies tested showed positive immunodetection in Chañaral,
whereas Yungay soils only rendered 18 unique immunodetections (Fig. 2.5). Low
abundance and diversity of biomarkers does not necessarily indicate that metabolic
activity is not occurring, but when considered along with the lack of CFA, unsatu-
rated fatty acid trans/cis ratio trends, peptide/protein content and fragmentation,
and high aspartic acid D/L ratios, the low abundance and diversity of organisms could
indeed be a hallmark of a lack of significant biological activity in the driest Atacama
soils. The presence of biomarkers even in the driest Atacama soils demonstrates that
soils can be non-sterile, but also generally not habitable under the current climate
regime. We propose that an additional aridity classification is needed to distinguish
these regions as “extreme hyperarid” (Fig. 2.1b).
2.7 Conclusion
Our novel use of an array of biochemical markers such as lipids, amino acids, and
peptides along the aridity transect reveals that biological activity is either not occur-
ring or extremely low in the driest Atacama soils. Lipid and peptide data point to
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Figure 2.4: Total Number of Unique Fatty Acids Detected in Atacama Soils
Along Aridity Transect. A positive linear correlation is found between the total
number of unique fatty acids and aridity index. The number of unique fatty acids in
soils decreases approximately 3 times with an order of magnitude decline in aridity
index value. Fatty acids containing 12-30 carbons including normal and saturated,
dicarboxylic, branched, multi-branched, mono and polyunsaturated fatty acids are
included in this total number, and can be used as a proxy for diversity of organisms
contained within the soil.
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Figure 2.5: Immunoprofiling the aridity gradient in Atacama Soils with LD-
Chip. Each antibody on the plot is represented by the 3 bars obtained by quantifying
the fluorescence of spots on LDChip. Di↵erent compounds in the samples reacted with
the antibodies on the chip produced the following immunogens: 1, Leptospirillum
ferrooxidans; 2, 3, Acidithiobacillus ferrooxidans; 4, Halothiobacillus neapolitanus;
5, Tumebacillus sp.; 6, Planococcus; 7, Psychroserpens burtonensis; 8, Pyrococcus
furiosus; 9, Synechocystis sp.; 10, Dechloromonas aromatica; 11, DhnA, fructose-
bisphosphate aldolase from cyanobacteria. Dehydrin protein related with plants and
induced under dessication stress; 12, FdhF, formate dehydrogenase H; 13, HtpG, the
heat shock protein HtpG, which is a homolog of HSP90, is essential for basal and ac-
quired thermotolerances in cyanobacteria. HtpG is involved in the acclimation to low
temperatures in cyanobacteria;14, IsiA, photosystem II chlorophyll a-binding protein
induced under desiccation in cyanobacteria; 15, PhaC1 and PhaC2, class II poly(R)-
hydroxyalkanoic acid synthase. Polyhydroxyalkanoate (PHA) synthase genes C1 and
C2 from Pseudomonas putida. PHAs are produced under nutrient limitations as N
and P; 16, PufM, which encodes the M subunit of the photosynthetic reaction centers
of most known anoxygenic phototrophs as Rhodospirillum rubrum; 17, SodA, SodF,
Iron superoxide dismutase involved in desiccation resistance in Nostoc; 18, WshR,
water stress hypersensitive response protein Pseudomonas; 19, Bacterial ferritin; 20,
Cells from iron/sulfur environment; 21, Acidocella aminolytica; 22, Sulfobacillus aci-
dophilus; 23, Salinibacter ruber; 24, Streptomyces sp.; 25, Shewanella oneidensis;
26, Bacillus subtilis; 27, Haloferax mediterranei; 28, Anabaena type strain; 28+,
Other cyanobacteria as Chroococcidiopsis sp.; 29, 29+, Peptidoglycan (2 Mabs); 30,
Perchlorate reductase; 31, Iron reductase; 32, P. furiosus ferritin; 33, Psychrobacter
frigidicola; 34, Streptomyces spores; 35, Desulfosporosinus meridiei; 36, Azotobacter
vinelandii; 37, Halorubrum sp.; 38, OppA transporter component.
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Figure 2.6: Proteins Indicated by LD Chip in Atacama Soils Along Aridity
Transect. Only 8 proteins out of 73 screened for were detected in all hyperarid
Atacama soils analyzed by the LDChip immunoassay. In general, these proteins
are synthesized under physiological stressful conditions such as nutrient limitation,
desiccation, oxidative stress, high temperature, and irradiation. Protein names and
functions are included in the Discussion. These 8 proteins were found to decrease in
abundance by a factor of 2-13 with increasing dryness along the aridity transect from
Chañaral soils to Yungay. The florescence intensity plotted is the average of three
spots on the LDChip.
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biomolecules not currently being synthesized in situ, and perhaps transported from
more active regions in the Atacama and deposited in extreme hyperarid soils. Amino
acid racemization data suggest that this biological material is then left to slowly
degrade over timescales of tens of thousands of years in surface soils. Despite the
non-habitability of the driest Atacama soils under the current climatic conditions,
clearly biogenic biomarkers and biomolecular trends are well-preserved.
In the driest region of one of the driest deserts on Earth, water availability is too
low to allow the majority of a soil microbial population to grow. This presents a
unique set of trends in biomarker content of soils that distinguishes it from other,
only slightly wetter parts of the desert (Fig. 2.7). These features include a lack of (1)
colonization by plants and lichens, (2) a lack of lipids that indicate membrane modu-
lation in response to deleterious environmental conditions (such as cyclopropane fatty
acids and trans/cis ratios of unsaturated fatty acids), (3) significant racemization of
amino acids contained in surface soils, (4) a relatively low abundance and diversity
of biomass/TOC (this study; Ewing et al., 2008; Crits-Christoph et al., 2013), and
(5) a <1% colonization of stones by hypolithic organisms (Warren-Rhodes et al.,
2006). As such, we propose that a new ecoregion demarcation (Olson et al., 2001)
is warranted to reflect this general biological inactivity of extremely hyperarid re-
gions. These biomarker characteristics would be worth exploring in other hyperarid
terrestrial regions that experience similarly low levels of water activities, such as the
University Valley portion of the McMurdo Dry Valleys in Antarctica (Goordial et al.,
2016), where water availability to organisms is limited by cold temperatures.
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Figure 2.7: Conceptual Figure Showing Di↵erences in Biomarker Content of
Soils Under Increasingly Dry Conditions. Key di↵erences are observed in soils
biomarker content along the Atacama’s aridity transect including lipids, amino acid
racemization, and peptides (this paper), and hypolithic colonization (Warren-Rhodes
et al., 2006) that suggest that biological activity may not be occurring or negligible in
the driest soils. In light of these di↵erences, we propose a new ecoregion demarcation
(Olson et al., 2001) and suggest that it’s warranted to reflect the biological inactivity
of soils that is imposed by extreme hyperaridity.
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CHAPTER 3
XEROPRESERVATION OF FUNCTIONALIZED LIPID
BIOMARKERS IN HYPERARID SOILS IN THE ATACAMA DESERT
3.1 Introduction
Understanding taphonomic processes and the conditions conducive to long term
preservation of organic matter has been critical for reconstructing the evolutionary
history of life on Earth (Peters et al., 2005) and in developing strategies to search
for evidence of life elsewhere (Eigenbrode, 2008; Summons et al., 2011). Microbial
processes mediate the majority of organic matter decomposition (Skopintsev, 1981;
Petsch et al., 2001; Kuzyakov, 2010), with only approximately 0.1% of the global net
primary production preserved in the sediment record (Holser et al., 1988; Des Marais,
2001). This limits the quantity and quality of molecular fossils (a.k.a. biomarkers)
that become preserved after organisms die.
Long-term preservation of biomarkers is enhanced when fast sedimentation or
mineral encapsulation impede or mitigate microbial attack (Van Veen and Kuikman,
1990; Farmer and Des Marais, 1999), or under environmental conditions that limit
microbial activity and retard organic degradation, such as low temperature and hu-
midity (Rethemeyer et al., 2010). In this chapter, we focus on the preservation of
biomolecules in an environment that has been extremely dry (i.e. hyperarid, arid-
ity index <0.05) over geologic timescales. While hyperarid deserts represent 7.5%
of the Earth’s continental landmass (UNEP definition) and fossils are known to be
preserved in them (Pyenson et al., 2014), biomarker degradation and taphonomic pro-
cesses over geological timescales in a hyperarid environments has not been previously
investigated. We hypothesized that typical pathways of organic matter degradation
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would be inhibited in long-lived hyperarid regions where low water activity suspends
microbial activity and greatly reduces enzyme action (de Gomez-Puyou and Gomez-
Puyou, 1998).
The accumulation and degree of preservation of biomolecules is investigated in
million-year-old hyperarid soils in the Atacama Desert, the oldest, continuously dry
desert on Earth (Clarke, 2006). Lipids were investigated in particular because they
have functional groups that are susceptible to microbial attack, but also contain recal-
citrant hydrocarbon cores that can be preserved over geologic time scales, recording
the presence and activity of organisms living millions to billions of years ago as well as
the history of diagenetic conditions since the time of deposition (Peters et al., 2005;
Eigenbrode, 2008).
3.1.1 Study Site
The Yungay region of the Atacama Desert experiences <2 mm of precipitation an-
nually (McKay et al., 2003), with rain events often interspaced by a decade or more.
The Aridity Index value, which is defined as the ratio of mean annual precipitation to
potential evapotranspiration, is approximately 0.001 in this region. This value is 30-
100 times more arid than the Mojave or Gobi Deserts (Davila and Schulze-Makuch,
2016).
Surface soils in the Yungay region primarily experience water activities that range
from 0.01-0.52 over the course of a diurnal cycle (Connon et al., 2007), well below 0.6,
the threshold for microbial growth (Grant et al., 2004). The extreme aridity causes
an absolute lack of habitation by plants or animals and can only support a sparse
microbial population in surface soils that are primarily derived from atmospheric
inputs (Warren-Rhodes et al., 2006; Connon et al., 2007; Lester et al., 2007, Chapter
2). This region has been arid to semiarid since the late Jurassic (150 million years),
and has experienced continuous hyperaridity for the last ˜2 million years (Hartley and
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Chong, 2002; Hartley et al., 2005; Jordan et al., 2014). Fluvial incision and deposition
ceased at Yungay near the Plio-Pleistocene boundary coinciding with transition to
hyperarid climatic conditions within the region. Subsequent to drying, landforms
have retained and accumulated the aeolian deposits of atmospheric salts and dust in
the upper meter of the soil column (Ewing et al., 2006).
A 2.5 m stratigraphic sequence in a soil pit that was previously dug (Sutter et
al., 2007) was sampled, and can be generally categorized into three major units (Fig.
3.1A): (i) gypsiferous soils in the top 90 cm; (ii) clay-rich units below 90 cm depth; and
(iii) a 10 cm thick well-cemented, massive halite unit that interrupts the clay units
at 140-150 cm depth. Within the top 2 meters of soil, 87% of the NaCl is located in
this massive halite unit (Ewing et al., 2006). Sparse plant material is found in the
clay units below the massive halite unit (Ewing et al., 2008; Fig. 3.6).
Landform ages in this region are ˜2 million years based on cosmogenic radionu-
clide concentrations in surface boulders and Ar isotopes in interbedded volcanic ash
deposits (Ewing et al., 2008). During this time, atmospheric salts have been verti-
cally redistributed in the top ˜1.5 meters of unaltered fluvial deposit and dust derived
silicate matrix due to episodic wetting events Ewing et al. (2006; 2008). Small rain
events (1 mm or less) do not saturate the surface soil in Yungay, nor are able to
percolate past the gypsic crusts at 10-20 cm depth (Davis et al., 2010). These gypsic
crusts act as a strong barrier to the di↵usion of moisture into the soil (Davis et al.,
2010). For larger rain events that are able to percolate down past the gypsic crust,
according to (Ewing et al., 2006; 2008), the massive, well-cemented halite unit at
140-150 cm signals the maximum depth of rainwater percolation and salt distillation
over the last 2 million years. This is further supported by the low concentrations of
soluble ions, including chloride, in layers below the halite. Hence, the massive, well-
cemented halite unit has acted as an aquiclude, preventing clay layers beneath from
being exposed to rainwater and other modern surficial processes (Ewing et al., 2006).
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Consequently, organic matter in the deeper clay layers is of fossil origin, possibly older
than 2 million years but at least >40,000 years because it is “radiocarbon dead” (Ew-
ing et al., 2008), and represents a rare opportunity to investigate the degradation of
functionalized lipid biomarkers over geological timescales in the absence of water.
3.2 Methods
3.2.1 Sample Collection
Seven samples were collected from the soil pit in Yungay. Samples were collected in
September 2014, before the decennial rain event that occurred in March 2015. Due
to the extremely low inventory of biomass in Atacama soils (Ewing et al., 2006),
samples were collected by scientists wearing full-body, sterile, clean-room suits (<1
colony forming unit per 10,000 garments), masks, glasses, and gloves to minimize
the introduction of emitted anthropogenic biological contaminants (Meadow et al.,
2015) during sampling. To remove surface contamination and expose fresh faces of
the di↵erent soil horizons, approximately 20 cm of the pit wall was removed using a
solvent-cleaned chisel. Samples were then collected in the soil pit from the bottom
up using a unique solvent-cleaned drill bit to loosen the material. A unique solvent-
cleaned spoon was used to scoop samples into glass jars that had been heated to 500 C
for greater than 8 hours. Each sample was collected using a unique drill bit and spoon
to minimize cross contamination. Surface soils and sulfate-rich sample from 10 cm
depth were collected about 50-100 m away from soil pit where there was no visible
foot tra c. Samples were kept frozen until being returned to NASA Goddard Space
Flight Center for storage at -20 C.
Before sampling, glass jars (Qorpak 8oz clear straight sided round with green
polypropylene cap and PTFE disc attached, cleaned and certified for semi-volatiles)
were washed in Method Smarty soap, rinsed three times with tap water, then rinsed
three times with distilled water (18.3 Mohm), dried overnight, then ashed at 500
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degrees C overnight (>8 hr). Lids were wiped with a Kimwipe soaked in methanol to
remove dust. Then lid was attached to clean jar and shaken with methanol, acetone,
then hexanes. Lids never came into contact with the sample; ashed ultra high vacuum
aluminum foil (All-Foils Inc.) was placed over ashed glass jars before lid was attached.
Sampling spoons were scrubbed with a brush with Simple Green detergent. They were
then rinsed three times with tap water, three times with distilled water, methanol,
acetone, and hexanes. Drill bits and chisels were put into a dishwasher with Method
Smarty Soap. They were heavily scrubbed with Simple Green detergent, then rinsed
in tap water and distilled water. They were sonicated in a methanol bath for 15
minutes, and then were then rinsed with methanol immediately after being pulled
from the bath. They were then rinsed three times with methanol, acetone, then
hexanes.
3.2.2 Lipid Analyses
Glass jars containing samples were removed from the -20 C freezer and were kept for
30 minutes to 1 hour at room temperature to prevent condensation of moisture onto
soil directly. Soils were not lyophilized, in order to reduce the exposure time to the
laboratory environment to minimize contamination risk and due to the extremely low
water content in the hyperarid soils. Preliminary samples that were lyophilized to
estimate water content in soil showed only 1.4% reduction in mass due to water loss.
For each unique sample, approximately 100 g of soil was homogeneously powdered
with a solvent washed and ashed ceramic mortar and pestle. Soil samples were ex-
tracted using a modified Bligh and Dyer protocol (Bligh and Dyer, 1959; Jahnke et
al., 1992). The protocol was modified primarily to minimize transfer steps and thus
minimize loss from these organically lean soils. Three extractions were then performed
on 70-90g of a powdered sample, 40 mL of HPLC-grade H2O, 100 mL of methanol,
and of 50 mL of methylene chloride. After addition of solvents, the resultant slurry
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was sonicated and stirred. The mixture was then left to settle until solvent became
mostly clear. Clear solvent was poured into a new flask. The monophasic extraction
mixture of HPLC-grade water, methanol, and methylene chloride was split by further
addition of methylene chloride and water to a final volume ratio of 1:1:0.9. This mix-
ture was gravimetrically separated. Solvent extracts were added to separatory funnel
with 180 mL of extract and 47 mL of methylene chloride and inverted two times to
mix. Water (47 mL) was then added to drive methanol into the aqueous phase. The
methylene chloride layer was slowly drained into a new flask. The methanol and water
phase was discarded. The resulting extract was evaporated under a stream of N2 and
transferred into smaller vials until 100 µL remained. Care was taken to minimize the
number of containers used in the evaporation process and to thoroughly rinse and
sonicate the sides of all vessels after draining to recover any lipid left behind. 10%
of the total lipid extract was set aside for LC-MS (1/100 of 10% of the total lipid
extract was injected on the LC-MS).
Thirty percent of the total lipid extract was subjected to a medium acid methanol-
ysis (Kates, 1989) to cleave ester-linked membrane fatty acids and to methylate free
fatty acids (FFA) through reaction with commercial methanolic HCl 0.5N (Supelco,
LC08137B) following the Kates, 1986 procedure. This simultaneously adds a methyl
group to free fatty acids, and also tranesterifies complex lipids (phospholipids, tri-
acylglycerols, steryl esters). This breaks the ester bond liberating the previously
esterified fatty acids and then methylates them. Acid methanolysis gives a “total”
solvent-extractable fatty acid pool, and thus produced a total fatty acid methyl ester
(FAME). One microliter of a 1 microgram per microliter 5↵-cholestan-3 -ol standard
was then added. The derivatized portion was silylated with bis-(trimethylsilyl) tri-
fluoroacetamide (BSTFA) (Fluka, Lot number BCBL7513V). This step silylated OH
groups on hydroxyl FAMEs, remaining FFA, and should have also silylated any other
hydroxyl lipids (sterols, alkanols) had they present. The final volume was 40 µL,
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which contained 30% of the derivatized total lipid extract. 1/40th of this volume was
then injected into the GC-MS. This aliquot of the derivatized TLE (30% of total)
was analyzed on an Agilent 5975C gas chromatograph-mass spectrometer (GC-MS).
GC-MS was performed on an Agilent 5975C inert XL MSD system equipped with
an Agilent DB-5MS column (60 m x 250 µm x 0.25 µm, Agilent, Santa Clara, CA,
USA) with helium as carrier at 1mL/min. We separated lipids by the following
protocol: the oven temperature was held at 70 C for 2 min and then increased from
70 C to 130 C at 10 C per min, then increased to 310 C at 4 C per min and held at
this temperature for 37 min.
The lipids were quantified relative to an internal standard (5↵-cholestanol, 12.5
ng on column). A portion of each TLE (10% of total) was also analyzed for glycerol
di- and tetraethers on a 1260 Infinity series liquid chromatograph-mass spectrometer
(LC-MS). Following a LC-MS version of the tandem column protocol (Becker et
al., 2013), lipid analyses were performed on an Agilent 1260 Infinity series liquid
chromatography system coupled to a 6130 quadrupole mass spectrometer via APCI
interface. Separation of compounds was achieved with two ACQUITY UPLC BEH
Hilic Amide columns (2.1 x 150 mm, 1.7 µm, Waters, Eschborn, Germany) maintained
at 50 C. The solvent gradient program used a constant flow rate of 0.5 mL/min and:
1. a linear change from 3% B to 20% B in 20 minutes; 2. a linear increase to
50% B at 35 minutes; 3. a linear increase to 100% B at 45 minutes, holding for 6
minutes; and 4. a decrease to 3% B for 9 minutes to re-equilibrate the column, where
A was n-hexane and B was n-hexane/isopropanol (90:10). APCI source conditions
were positive ion mode, drying gas (N2) temperature 350 C, vaporizer temperature
380 C, drying gas flow rate 6 L/min, nebulizer gas (N2) pressure 30 psi, capillary
voltage 2000 V, corona current 5 µA. Glycerol di- and tetraethers were detected by
both full scans and selected ion monitoring. Lipids were identified on the basis of
accurate mass (better than 1 ppm), retention time, and diagnostic fragments, and
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quantified by [M+H]+, with an extraction window of individual ion chromatograms
being +/- 0.01 m/z units. We used C46 GTGT as injection standard to determine
the concentration of glycerol ether lipids.
3.2.3 Anion Analysis
Samples were sieved to obtain a <2 mm fraction. This fraction was then thoroughly
ground with a mortar and pestle. One g of crushed soil fraction was then extracted
with 20 g of Milli-Q water and diluted an additional 10 times. Samples were spiked
with 12.5 µL of 1 mg/L 35Cl18O4 as the internal standard.
The ion chromatography-mass spectrometry-mass spectrometry (IC-MS-MS) anal-
ysis protocol used an IC-25 isocratic pump with an EG40 electrodialytic eluent gen-
erator, 2 mm bore AG21/AS21 guard and separation column sets housed in a LC30
temperature controlled oven (30 C), ASRS-Ultra II anion suppressor in external water
mode, and a CD-25 conductivity detector, all from ThermoFisher/Dionex. Around
the elution window of perchlorate (tR ˜45 min), 40 min after injection, a diverter
valve directed the CD25 e✏uent to a tandem mass spectrometer (Thermo Scientific
Quantum Discovery Max with a heated ESI probe and enhanced mass resolution).
Electrodialytically generated high purity KOH eluent was used in gradient mode at a
concentration of 5 mM to 80 mM and a flow rate of 0.35 mL/min. Eluent generation,
sample injection (5 µL), electrodialytic suppression, autoranging conductivity detec-
tion and data acquisition were all conducted under Excalibur/Chromeleon software
control. Perchlorate was quantified by the -99 to -83 Th (m/z) transition ratioed to
the -107 to -89 Th internal standard transition. All data were interpreted in terms
of a 5-point calibration with check standards run daily. Any sample falling outside
the calibration range was reanalyzed after appropriate dilution. All samples were
minimally analyzed in triplicate.
47
3.3 Results
The abundance and diversity of functionalized lipid groups increased with depth
throughout the profile (Figs. 3.1b and 3.2). The most abundant class of lipids
detected were FAMEs, which are formed through the transesterification of esterified
fatty acids (e.g., complex membrane-bound polar lipids, acylglycerols, steryl esters) as
well as methylation of FFAs (Ichihara et al., 1996). Between 20 and 62 unique FAMEs
were detected in each sample with alkyl chain lengths between 13 and 34 carbons,
including methyl-branched FAMEs (terminal branched and mid-chain). The FAME
profile composition was markedly di↵erent between horizons (Fig. 3.2), with diversity
and abundance increasing with depth (Figs. 3.1b and 3.2). FAMEs were particularly
abundant in the clay layers, with a maximum concentration in the deepest layer
analyzed (215 cm) of 742 ng/g soil, comprised of 62 unique FAMEs. The abundance
of FAMEs in the gypsiferous soil was lower by a factor of 4 or more. Deeper clay
layers contained FAMEs with unsaturated bonds in their alkyl chains (Fig. 3.2).
Small amounts of silylated fatty acids were also detected in soils 100 cm and below,
reflecting free fatty acids not methylated during our acid methanolysis procedure
(Table 3.1). Additionally, ↵- and  - monohydroxy monocarboxylic fatty acids were
detected that contain a hydroxyl (OH) group exposed to the external environment
and available to be chemically altered. Based on the diagnostic fragment ions at m/z
175 and 159, ↵-hydroxy fatty acids were the more abundant member.
The upper gypsiferous soils were dominated by n-C16:0 and n-C18:0 FAMEs, and
contained both iso and antiso FAMEs (Fig. 3.2). N -alkanes were also present in these
units and had an unusual, slight even-over-odd chain length preference in the C25-C33
range (Fig. 3.3). Contamination from petroleum can be excluded by the absence of
phenanthrene and other polycyclic aromatic hydrocarbons in the samples (Volkman,
2006). Hydroxy fatty acids were not detected in the gypsiferous soils, with the sole
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Figure 3.1: Yungay Soil Pit Stratigraphy and Key Lipid Abundances: a)
The soil pit contains three major units: gypsiferous soils (0-90 cm depth), clay-rich
units (> 90 cm depth), and a 10 cm-thick halite unit that interrupts clay units at
150 cm depth. Gypsiferous soils are matrix-supported and contain angular lithics. A
clay unit at 100 cm depth contains centimeter-sized laminations composed of course
sand. A clay unit at 140 cm depth contains fine sub-cm sized laminations (Fig. 3.6).
The massive, well-cemented halite unit (˜140-150 cm) has two major morphologies:
vertical, crystalline structures and mottled halite. Beneath are alternating bands of
well-sorted clay units and contain fibrous plant fragments (cm-size) that become more
concentrated with depth. A more detailed description of the stratigraphic profile is
provided by (Ewing et al., 2006; 2008). b, c, d) Total abundances of FAME, DCA,
and Isoprenoidal GDGT were found to increase with depth with the exception of
the halite unit (150 cm). Isoprenoidal GDGT and DCA were absent from upper
gypsiferous soil. Isoprenoidal GDGTs are plotted on a logarithmic scale due to the
presence of a high relative abundance of Archaeol in the halite unit.
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Table 3.1: Free Fatty Acids in Yungay Pit Soils Detected through Derivati-
zation with a Silylation Agent (ng free fatty acid/ g of sample): Note these
values do not represent the total amount of free fatty acid present in the soils, but
instead reflects free fatty acids that remained after acid methanolysis. Some of the





















12 n.d. n.d. 0.10 n.d.
13 n.d. 0.08 n.d. 0.01
14 n.d. 0.32 0.03 0.04
15 0.12 0.29 n.d. 0.04
16 0.61 0.91 1.53 0.17
17 n.d. 0.62 n.d. 0.16
18 0.62 0.40 0.26 0.12
19 0.08 0.15 n.d. 0.11
20 0.02 0.16 n.d. 0.11
21 n.d. n.d. n.d. 0.80
22 0.31 0.41 n.d. 0.35
23 n.d. n.d. n.d. n.d.
24 n.d. n.d. n.d. 1.43
25 n.d. n.d. n.d. n.d.
26 0.38 n.d. n.d. n.d.
27 n.d. n.d. n.d. n.d.







































































































































































































































































































































































































































































































Figure 3.2: Fatty Acid Methyl Ester (FAME) Profiles for Representative
Yungay Pit Samples: Upper gypsiferous soils were dominated by n-C16:0 and nC18:0
FAMEs. On the other hand, clay units were dominated by n-C22:0 and greater chain
length FAMES and contain a greater diversity in FAME content. The deepest clay
unit had the greatest total FAME abundance. The well-cemented halite unit was
dominated by n-C16:0 and n-C18:0 FAMEs. The vertical scale changes between plots.
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Table 3.2: Monohydroxy Monocarboxylic Fatty Acids in Yungay Pit Soils


























15 n.d. n.d. n.d. n.d. 0.02
16 0.95 0.32 n.d. n.d. 0.22
17 n.d. n.d. 0.09 n.d. 0.10
18 n.d. 0.16 0.12 0.09 0.18
19 n.d. 0.19 0.58 n.d. 0.08
20 n.d. 0.36 0.39 n.d. 0.51
21 n.d. 0.19 0.40 n.d. 0.84
22 n.d. 0.74 1.45 0.25 4.70
23 n.d. 0.77 1.50 0.07 7.37
24 n.d. n.d. n.d. n.d. 32.94
25 n.d. 0.65 1.68 n.d. 8.29
26 n.d. 0.98 3.01 n.d. 11.37
27 n.d. 0.18 0.54 n.d. 1.98
28 n.d. 0.56 1.15 n.d. 3.19
29 n.d. 0.09 0.31 n.d. 1.38
30 n.d. n.d. 0.30 n.d. 1.81
31 n.d. n.d. 0.19 n.d. 0.50
32 n.d. n.d. 0.14 n.d. 0.78
33 n.d. n.d. n.d. n.d. 0.49
exception of a single chain length class (n-C16:0) found in the surface soil (Table 3.2).
Additionally, no archaeal lipids were detected within gypsiferous units.
Conversely, the clay-rich units below the aquiclude contained a higher abundance
of lipids and included lipid classes that were not detected in the upper gypsiferous
soils. The FAME profile in these units was dominated by n-C22:0 and n-C24:0 FAMEs
(Fig. 3.2). Dimethyl esters of saturated, -dicarboxylic fatty acids (DCA) were de-
tected in all samples below 100 cm depth, with abundance and chain length ranges





































Figure 3.3: n-Alkane Content in Yungay Pit Soils: The straight chain n-alkane
content of Yungay soils reveals two distinct patterns. Clay rich units exhibit an odd-
over-even chain length preference. Conversely, gypsiferous soils and the halite unit
exhibit a slight even-over-odd chain length preference.
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abundance, and also the largest range in chain length (C9-C31) (Fig. 3.1c; Table
3.3), while only trace amounts of C22 DCA was observed in the halite unit. ↵- and
 -monohydroxy monocarboxylic acids were also present in clay units with a relatively
high abundance of n-C24:0. A clay-rich sample at 185 cm depth had the highest total
abundance of this lipid class as well as the greatest diversity, with chain lengths that
ranged from C15 to C33. N -alkanes in these clay units contained an odd-over-even
chain length preference (Fig. 3.3).
Isoprenoidal glycerol dialkyl glycerol tetraethers (GDGTs) (Fig. 3.1d) and non-
isoprenoidal, branched GDGTs were detected in clay-rich layers below 100 cm depth
(Table 3.4), but not in the upper gypsiferous soils. An isoprenoidal GDGT (GDGT-0)
was extracted from a clay-rich unit at 140 cm depth, and three additional isoprenoidal
GDGTs (GDGT-1, GDGT-2, and crenarchaeol) along with five non-isoprenoidal
GDGTs were identified in the clay-rich units at 185 cm and 215 cm depth respectively
(Fig. 3.4 and Table 3.4). Branched GDGTs were found in greater abundance than
isoprenoidal GDGTs.
Significantly, the well-cemented halite unit at 140-150 cm depth contained a
GDGT profile distinctive from both the gypsiferous and clay-rich units. It was char-
acterized by a relatively high abundance of isoprenoidal glycerol diether, archaeol
(481 pg/g of soil), a lesser abundance of isoprenoidal GDGT-0, and the halophilic
archaeal biomarker, C20-C25 extended archaeol (Table 3.4).
Chloride, perchlorate, nitrate and sulfate anions were interrogated via IC and
perchlorate anions through IC/MS-MS (Fig. 3.5). Of these, sulfate and chloride were
the predominant species. Sulfate is the least soluble of the anions and is maximally
present at the surface with penetration down to 100 cm where there is a significant
drop in concentration. The more soluble chloride anion is present in all samples except
the surface, showing a primary maximum at 150 cm (the halite layer) and a smaller
secondary maximum at 100 cm. Despite being more soluble than chloride, nitrate
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Table 3.3: Saturated ↵- !- Dicarboxylic Fatty Acids in Yungay Pit Soils
in ng DCA per g sample N.d. is not detected. DCAs not detected in samples
























9 n.d. n.d. n.d. n.d. 0.19
10 n.d. n.d. n.d. n.d. 0.08
11 n.d. n.d. n.d. 0.06 0.10
12 n.d. n.d. n.d. 0.08 0.12
13 n.d. n.d. n.d. 0.05 0.15
14 n.d. 0.06 n.d. 0.17 0.25
15 n.d. n.d. n.d. n.d. 0.72
16 n.d. n.d. n.d. 0.81 6.68
17 n.d. 1.51 n.d. 0.32 0.80
18 0.20 0.52 n.d. 0.84 4.67
19 n.d. 0.48 n.d. 0.55 2.67
20 0.22 0.68 n.d. 1.08 n.d.
21 0.62 n.d. n.d. 1.24 0.12
22 0.91 2.06 0.01 3.74 19.47
23 n.d. n.d. n.d. 3.35 8.24
24 0.45 1.23 n.d. 3.26 11.37
25 0.27 1.45 n.d. 1.77 3.65
26 n.d. n.d. n.d. 0.32 6.49
27 0.31 1.50 n.d. 2.99 3.06
28 0.64 2.17 n.d. n.d. 4.16
29 n.d. 1.02 n.d. 0.80 1.39
30 n.d. 0.85 n.d. 0.89 1.35
31 n.d. 0.36 n.d. n.d. 0.33
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!
Figure 3.4: Glycerol Ether Lipids Detected in Atacama Samples: Glycerol
ether lipids detected in the Atacama samples. Archaeol and C20-C25 extended ar-




















































































































































































































































































































































































































































































































!Figure 3.5: Anion Profiles in the Yungay Soil Column: Anion profiles of chlo-
ride, perchlorate, nitrate and sulfate with depth in the Yungay. The point at 150 cm
was taken from the massive, well-cemented halite unit.
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is found only in relatively small quantities in the massive, well-cemented halite unit,
with maxima at 100 and 137 cm. Similarly, perchlorate has two maxima at 100 and
137 cm.
3.4 Discussion
3.4.1 Anion Distribution with Depth in Yungay
Chloride concentration significantly decreases below 150 cm, while the nitrate and
perchlorate anions slightly increase and stabilize in concentration (Fig. 3.5. This
rea rms that 150 cm is the depth of maximum percolation as previously proposed
(Ewing et al., 2006; 2008) as percolating rainfall would have solubilized and subse-
quently carried chloride to the clay layers below. There are also relative maxima in
the perchlorate, nitrate, and chloride profiles at 100 cm. It is possible that this depth
represents percolation from smaller rain events. The changes in the anion chemistry
throughout the soil profile likely do not necessarily represent the percolation depth
throughout its history, but instead represent the percolation depth at and after the
establishment of the chloride-rich layer that acts to inhibit the flow of water downward
at 2 Ma or earlier.
Significantly, the relative maxima in nitrate and perchlorate at 137 cm depth
are o↵set from the chloride maximum at 150 cm. Given nitrate is more soluble
than chloride, it is unexpected that that these maxima are o↵set, and that only a
relatively small quantity of nitrate is detected in the halite unit. This discrepancy
gives additional credence to the idea that the halite unit may have originally formed
by a process di↵erent than the previously proposed “wash down” model. It is likely
that some of the chloride present in this unit was derived through the solubilizing of
atmospherically-derived halite that was deposited by wind and subsequent washing
down through the profile by wetting events. But, the undisrupted sub-cm laminations
present in the layers above the halite unit (Fig. 3.6) and the anion concentration
59
profiles point to an alternative formation mechanism for the halite unit.
3.4.2 Biomarker Preservation Under Prolonged Hyperarid Conditions
Fatty acids are rapidly destroyed by biological degradation such as aerobic and anaer-
obic respiration, fermentation, and photoheterotrophy (Brocks and Summons, 2004;
Kuzyakov, 2010), and incubation experiments with phytoplankton have demonstrated
complete degradation over the course of a few weeks (Sun et al., 1997). Hence, in
most environments, the presence of labile lipids such as FFAs and FAMEs is indicative
of extant communities or of recent biogenesis (Simoneit et al., 1998). Surprisingly,
the concentration of FAMEs (Fig. 3.1b and 3.2) and FFAs (Table 3.1) in Yungay
soils was not only found to increase with depth in the soil sequence, but FFAs and
FAMEs retained labile features such as unsaturated bonds in the alkyl chains within
the deeper, sealed-o↵ clay units. In addition, ↵- and  - monohydroxy monocarboxylic
acids were primarily found in clay-rich units below 1 m depth (Table 3.2), despite this
class of fatty acid’s susceptibility to rapid diagenesis (Volkman, 2006) and hydroxyl
group loss (e.g., Bordenave, 1993).
Given the short residence time of labile fatty acids in most environments, their de-
tection throughout the soil profile suggests that they either represent extant biomass,
or exceptionally well-preserved functionalized fossil lipids. We considered evidence for
both scenarios. The Yungay region is one of the driest areas in the Atacama Desert.
The water activity in the surface soils is well below the threshold for metabolic growth
and enzymatic activity (Connon et al., 2007), and should remain very low and con-
stant below a depth of 1 m (Azua-Bustos et al., 2015). The extremely dry conditions
are reflected in the low biomass (103-105 cells cm-3) in surface soils (e.g., Navarro-
Gonzlez et al., 2003; Connon et al., 2007; and Crits-Christoph et al., 2013), and low
organic carbon content (<102 ppm) (Connon et al., 2007 and Ewing et al., 2006),















































































































































































































































ing et al., 2008). In addition, the D/L ratio of aspartic acid in the top cm of soil
indicates significant racemization of biologically produced amino acids, and yields
ages of 103 to 105 years (Skelley et al., 2007). Together, these data argue against
substantial biological activity or recent biogenesis of lipids, even in the topmost gyp-
siferous soils. Instead, functionalized lipids in the top 1 m of soil likely represent
relatively modern atmospheric inputs, a conclusion supported by the fact that the
majority of cultivable isolates found in these soils are root-associated microbes in an
environment where there has not been plant growth in millions of years (Lester et al.,
2007).
On the other hand, the deeper clay layers that contain the highest concentration
and diversity of lipids including plant lipids, have been isolated from rainwater as well
as modern surface inputs for a period of hundreds of thousands to a few-million years
by the massive halite unit at 140-150 cm depth. This halite unite is a marker of max-
imum water percolation (Ewing et al., 2006) and has acted as an aquiclude. Soluble
ion distribution in the soil profile (Fig. 3.5) rea rms that there has been little or
no percolation of rainwater through this halite unit (see below). Therefore, we argue
that the functionalized lipids in the deeper clay units, and especially the archaeal
and plant lipids found to be absent from the upper gypsiferous and surface soils, are
fossils of organisms in an excellent state of chemical and structural preservation since
their time of deposition.
The remarkable degree of preservation of functionalized fatty acids and other lipids
over tens of thousands to a few million years in hyperarid soils can be explained by
the extremely low water activity, a taphonomic process that we term xeropreserva-
tion (preservation by drying). Low water activity in soils arrests biological activity
(e.g., both the synthesis and degradation of lipids) and suspends or greatly reduces
chemical degradation, inhibiting modification of a cell’s own lipid membrane as well
as the action of heterotrophs. In particular, low water activity can inactivate or slow
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the reaction rate of the cell’s own lytic enzymes, or those of heterotrophs, that de-
grade organic moieties upon cell death (e.g., de Gomez-Puyou and Gomez-Puyou,
1998). By halting aerobic or anaerobic metabolic activity, labile lipids such as fatty
acids can be preserved. Such excellent lipid biomarker preservation is comparable
to other geological samples that have been subjected to rapid dehydration, such as
in polymerized resins like amber (Bada et al., 1999; Schweitzer, 2004), and opens
the possibility for extreme longevity of other labile biomarkers such as ancient DNA.
Additionally, the structural and chemical integrity of labile lipids throughout the soil
profile suggests that chemical oxidation of these biomolecules has been limited despite
the photochemical formation and accumulation of reactive oxidant species in these
hyperarid soils (Georgiou, 2015). Again, this is likely due to the extremely low water
availability in these soils, a factor exacerbated with depth, which limits soil organic
oxidant chemistry.
Additionally, there are a number of abiotic conditions known to increase preserva-
tion of organic matter. Clay minerals present in the soil, which include smectite and
kaolinite, may play a role enhancing the preservation of organics (e.g., polar lipids)
through interaction with charged mineral surfaces (Farmer and Des Marais, 1999;
Eigenbrode, 2008; Summons et al., 2011). Entombment by chemical precipitates is
another mechanism of microbial fossilization (Farmer and Des Marais, 1999; Melen-
dez et al., 2013; Williams et al., 2015). The many salts observed at Yungay could
have served a similar function by encasing microorganisms or organic matter, thereby
leading to increased chance of long-term preservation. It is also possible that the
environmental conditions microorganisms were exposed to prior to drying had some
e↵ect on the degree of preservation of intracellular biomolecules. Stress (e.g., osmotic
stress, decreases in pH, and starvation) has been shown to induce a number of survival
strategies including modifications in cell membrane fatty acid composition, which af-
ford protections to microorganisms that increase recovery after drying (Morgan et
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al., 2006 and references therein). The possibility that cellular modifications from en-
vironmental stressors before drying o↵er increased long-term preservation should be
investigated further.
3.4.3 Microbial Diversiy and Paleoenvironmental Reconstruction Based on Lipid
Biomarkers
Certain lipids have been used as taxonomic markers for particular groups of mi-
croorganisms (e.g., Summons and Lincoln, 2012). Some recent work has called into
question the utility of this approach, specifically as it relates to methylated hopanoids
(e.g., Rashby et al., 2007; Welander et al., 2010). However, ester-linked membrane
fatty acids are commonly used to assess microbial diversity (e.g., White et al., 1993),
since the fatty acid chain length, number and position of double bonds, cyclopropane
rings, and position of methyl branches allow for distinction between aerobes, anaer-
obes, sulfate-reducing bacteria, cyanobacteria, actinomycetes, fungi, protozoa, plants,
and green algae (Vestal and White, 1989 and references therein). The excellent preser-
vation of the labile and refractory lipids allowed us to characterize taxonomic groups
present in each stratigraphic unit, perform paleoenvironmental reconstructions based
on known habitats of these groups, and assess environmental change over time. We
broadly used FAMEs, isoprenoidal glycerol ethers, DCAs, and alkanes to distinguish
between bacteria, archaea, and higher organisms such as plants throughout the soil
profile.
FAME profiles in the upper gypsiferous soils were indicative of a predominant bac-
terial source (Volkman, 1998; Kaneda, 1991). The slight even-over-odd carbon chain
length preference in alkanes was unusual, and could indicate a distinctive microbial
origin or alteration of algal detritus (Elias et al., 1997). The lack of archaeal lipids
from the gypsiferous soils was consistent with previous work that noted an absence
of archaeal groups based on 16S RNA analyses (Crits-Christoph et al., 2013). These
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data support the idea that the Yungay region soils contain a population primarily
consisting of bacteria.
On the other hand, clay-rich units below 100 cm depth contained lipid biomarkers
not detected in the soils above, including lipids that are typically diagnostic of plants.
The long-chain DCAs detected are likely derived from plant biopolymers such suberin
and cutin (Wakeham, 1999). The odd-over-even chain length preference seen in C24-
C32 n-alkanes is a common biosignature of terrestrial plants (e.g., Wakeham, 1999;
Volkman, 2006). The finding of plant-derived lipids in clay-rich units is consistent
with the finding of cm-long fragments of fibrous plant material in samples at 185
cm and 215 cm depth (Ewing et al., 2006, Fig. 3.7). Plant-derived DCAs identified
in units beneath the aquiclude especially supports the argument for preservation of
labile lipids under hyperarid conditions as the plant material is certainly no longer
living, and hasn’t been since burial (>40,000 years ago).
The presence of ↵- and  -monohydroxy monocarboxylic acids almost exclusively
in the clay units also points to past inputs of biological lipids. While monohydroxy
monocarboxylic acids can form from the decomposition of FAMEs, the profile of
↵- and  -monohydroxy monocarboxylic acids in the clays di↵ers from that of the
FAME profiles and is suggestive of a unique source instead of a diagenetic product.
This class of lipid is common in soil, marine, and lacustrine sediments (Volkman
et al., 1998; Volkman, 2006 and references therein), and occurs in a wide range of
taxonomic groups, or can be produced as intermediates in the ↵- and   oxidation
of monocarboxylic acids, so their exact source is di cult to determine, although the
most abundant monohydroxy monocarboxylic acid found (n-C24:0) is known to occur
in certain seagrass species (Wakeham, 1999).
Isoprenoidal GDGTs, a class of membrane lipids diagnostic for archaea (Pearson
and Ingalls, 2013; Schouten et al., 2013) were also found in the clay units, along


















































































































































































isoprenoidal, branched GDGTs are proposed bacterial lipids (Weihers et al., 2006).
Their greater abundance versus isoprenoidal GDGTs in the lower clay units is con-
sistent with a dominant bacterial signal. Furthermore, this signal is inconsistent
with o↵shore marine sources (e.g., Schouten et al., 2013) which argues against atmo-
spheric sources. This, along with the absence of GDGTs in the upper gypsiferous
soils suggests that both bacterial and archaeal GDGTs are syngenetic to the host
clay unit. Together with the evidence for plant biomarkers, the presence of bacterial
and archaeal GDGTs towards the bottom of the soil profile indicates a past wetter
environment that was once capable of supporting a more diverse ecosystem than that
what exists under the current hyperarid environmental conditions.
Finally, the well-cemented halite unit at approximately 140-150 cm depth con-
tained a GDGT profile distinct from both the gypsiferous and clay-rich units. The
relatively high abundance of archaeol; a lesser abundance of isoprenoidal GDGT-0;
and the presence of the biomarker C20-C25 extended archaeol (Table 3.4) are all di-
agnostic of halophilic archaea (Kates, 1978; Koga, 2005; Jahnke et al., 2008; Birgel et
al., 2014). The occurrence of the halite unit between two layered clay units (Figs. 3.1
and 3.6) and the halophilic archaeal lipid biomarkers found within the halite unit are
consistent with formation in a small-scale evaporitic environment under a wetter cli-
mate regime. In this scenario, the buried halite layer could represent a paleo-surface
horizon formed during a period of intense evaporation. This is in contrast to the pro-
posed “wash-down” origin of the halite layer, whereby the salt-rich horizon formed
from the episodic vertical transport of atmospheric salt during infrequent rain events
and subsequent reprecipitation (Ewing et al., 2006; 2008). The presence of diag-
nostic archaeal lipids found only in the halite unit, and the presence of undisrupted
fine laminations in the clay unit immediately above (Fig. 3.6), both suggest that
rainwater percolation might not be the sole mechanism responsible for the formation
of the halite unit. However, soluble ion concentrations (Fig. 3.1) do indicate that
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atmospherically-derived salts have been solubilized by rainwater and reprecipitated
for the most part above the halite unit (at 100 and 137 cm depth, Fig. 3.5). Thus, the
halite unit still marks the maximum depth for percolation of rainwater as suggested
by (Ewing et al., 2006; 2008).
The wetter climate regime in the Yungay region inferred from the lipid biomarkers
in the clay and halite units could be related to permanent El Niño-like conditions
inferred for the central Atacama 5.6-4.7 million years (Wang et al., 2015), or with
short, punctuated wet climate intervals during the last ˜5 million years (Jordan et
al., 2014), a timing that is consistent with the estimated age of the soil profile (> 2
million years).
In summary, extreme and prolonged dryness has been responsible for the preser-
vation of labile biomarkers in hyperarid Atacama soils. This is likely due to the low
water activity in the soils, which prevents any significant microbial activity or chemi-
cal degradation of organic compounds. The exceptional preservation of functionalized
and more fragile or labile lipids, especially at the bottom of the soil profile that has
been sealed-o↵ from rainwater over a tens-of-thousands to a few million-years time
scale, is comparable to the preservation of other labile biomarkers in deep-frozen per-
mafrost or in polymerized resins like amber, and allows us to reconstruct significant




DETECTABILITY OF LIPID BIOMARKERS IN ATACAMA SOILS
BY MARS FLIGHT INSTRUMENTATION: RAMAN
SPECTROSCOPY AND EVOLVED GAS ANALYSIS
The previous two chapters have detailed the lipid content of Atacama soils, both
surface soils across the aridity gradient and soils collected with depth in one of the
driest regions of the desert. Lipids comprise roughly 10% of the dry weight of cellular
material (Cooper, 2000), and serve a number of critical functions within a cell, such
as energy storage, signaling, and composing cell membranes, making them a required
biomolecule for terrestrial life. Lipids and their degradation byproducts are also some
of the best preserved molecular biomarkers in the fossil record (Eigenbrode, 2008).
For these two reasons, lipids will be a target for future planetary missions searching for
extant or ancient life, both on Mars (e.g. Report of the Mars 2020 Science Definition
Team, 2013) and in the outer Solar System (e.g. Europa Lander Report, 2016).
Thus, it is critical to understand the detectability of lipid biomolecules contained in
samples from key terrestrial “analog” sites such as the Atacama by flight or flight-like
instruments. Natural samples can o↵er insight into flight instrument performance in
response to common organic detection challenges such as low biomass concentration,
organic complexity, and organic interactions with inorganic material such as oxidants
or mineral encapsulation. Analyzing such samples with flight instruments provides
critical data that advances the science readiness of the instruments and the missions
broadly.
The search for organic carbon and biomarkers continues to be a high priority goal
in the exploration of Mars. Understanding and interpreting a positive or negative
result in an extraterrestrial “life detection” experiment rests on the ability to con-
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textualize it with a range of naturally-occurring terrestrial samples, both in terms
of age and mineralogy. Thus, the goal of the following section is to use knowledge
of the biomolecular content of Atacama soils acquired through standard laboratory
techniques to assess the detection capability of current and future Mars mission flight-
instrumentation. The following sections focus on two flight instrument organic char-
acterization techniques: Raman laser spectroscopy, slated to fly on both ESA and
NASA Mars rovers in 2020 and recommended by the Europa Lander Report (2016),
and Evolved Gas Analysis, a technique currently being employed on the martian sur-
face by the Mars Science Laboratory and previously employed by the Viking and
Phoenix Landers.
4.1 Critical Assessment of Biomarker Detection with Raman Laser Spec-
troscopy on Biomass-Poor Soils
4.1.1 Introduction
The Mars2020 and ExoMars rovers will each carry a Raman Spectrometer to Mars to
identify and characterize minerals and organic compounds and search for biomarkers.
Raman spectrometers o↵er operational simplicity. Samples are analyzed at a distance,
non-destructively, and with minimal or no sample handling, minimizing the risk of
contamination (Summons et al., 2014). They are expected to serve as useful “survey”
instruments, providing mineralogy and structural information of targets, in addition
to critical information about the presence of carbon aggregates on the surface of
samples. For the Mars2020 mission, Raman instruments will be used in part to
provide information about organic content of surface samples to a parts-per-million
(ppm) level (Beegle et al., 2014; Maurice et al, 2015), and will be key in determining
whether a sample should be cached for later return to Earth (Report of the Mars
2020 Science Definition Team, 2013).
However, operational simplicity comes at a performance cost. Raman spectrom-
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eters have much lower limits of detection (LOD) than other analytical systems used
for organic characterization, such as GC-MS. Additionally, they are often unable to
detect individual carbon molecules in complex mixtures (Summons et al., 2014), are
susceptible to topographic and matrix e↵ects (Report of the Mars 2020 Science Defi-
nition Team, 2013) and fluorescence of organics and minerals, especially iron bearing
minerals (Sobron et al., 2014). These challenges could make it di cult to establish
the source of a carbon signal (exogenous, biogenic, or contamination), and perhaps
even prevent the detection of carbon altogether, especially in samples that have low
carbon abundance, as is expected near the surface of Mars (Freissinet et al., 2015).
It is therefore paramount to test the performance of Raman Spectrometers when
analyzing complex natural samples with very low organic and biomass contents to
understand the significance of a negative result, particularly when evaluating samples
for caching a selection for future return to Earth.
Results from prior martian missions constrain the expected abundance of organic
carbon in sediments on Mars. The Viking 1 lander detected the release of 15 parts per
billion (ppb) of methyl chloride and 1 to 50 ppb fluoroethers from soil samples upon
heating (Biemann et al., 1976). The Phoenix Lander searched for organics with the
Thermal and Evolved-Gas Analyzer (TEGA). No organic fragments were identified
at ppb levels (Ming et al., 2010). Mars Science Laboratory detected chlorobenzene
(150-325 ppb) and C2 to C4 dichloroalkanes (up to 70 ppb) in multiple portions of
fines from the Cumberland drill hole in the Sheepbed mudstone at Yellowknife Bay
(Freissinet et al., 2015). Together, these results suggest that the amount of organics in
Martian materials will likely be lower than ppm range. If present, biomarkers would
be expected to represent only a fraction of the total organic composition, likely at
ppb or lower concentrations. Given the detection of hydrocarbons in multiple martian
samples, and the propensity for preservation of biological lipid biomolecules in geologic
settings, understanding the detectability of lipids is paramount to understanding
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organic carbon content and the search for molecular biosignatures on Mars.
The capability of the ExoMars Raman Laser Spectrometer (RLS) for organic and
biomarker detection was tested using biomass-poor soils from the Atacama Desert.
Organic compounds in these soils are tens of thousands (surface) to millions of years
old (ca. 2 meters depth) (Skelley et al., 2007; Ewing et al., 2008; Chapter 2, 3). As
such, there has been ample time for complex mineral-organic interactions to occur, a
critical determinant in organic carbon detectability in natural samples. Soils are well
characterized for the abundance and identity of organics using traditional laboratory
techniques to a ppt level, including their lipid (Chapter 2, 3), protein/peptide and
amino acid (Skelley et al., 2007; Chapter 2), DNA (Connon et al., 2007; Lester et al.,
2007; Crits-Christoph et al., 2013), and TOC content (Ewing et al., 2008). Organic
carbon is present in soils at 100-200 ppm levels (Ewing et al., 2008) and lipids are
present at hundreds-of-ppb levels (Chapter 3). Surface soils are known to contain
viable organisms at concentrations 103-105 cells per gram (Crits-Christoph et al.,
2013), and soils at 2 m depth contain preserved lipids from dead organisms, including
fatty acids, at 1 ppm level (Ewing et al., 2008; Chapter 3). However, modern or
ancient DNA has yet to be detected (J. DiRuggierio, personal communication; R.
Nichols and B. Shapiro, personal communication).
Atacama soils were analyzed to assess the capability of the RLS to detect extant
lipid biomarkers in soils with very low cell abundance (Yungay surface soils), and
fossil lipid biomarkers in subsurface soils at low ppm abundance, near the LOD of
the instrument.
4.1.2 Methods
Analysis of Analytical-Grade Standards
Analytical-grade standards of short-chain and cyclic hydrocarbons and common lipid
biomarkers were analyzed with RLS. Standards were used to build a library of Raman
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spectral features to identify similar organic molecules in the natural soil samples.
Standards that were suspended in a solvent were dried under a stream of N2 at room
temperature onto the bottom of a flat, 2 mL combusted (550 C for 12 hours) glass
vial. Standards that were powdered were also loaded into combusted glass vials.
There were four fatty acid standards analyzed. These included the two most
common membrane fatty acids, n-C16:0 and n-C18:0 (Sigma-Aldrich, 76119), which
were also the most abundant lipids detected in Atacama soil samples (Chapter 3).
An unsaturated fatty acid (n-C16:1) was also included to look at any e↵ect of double
bonds in the hydrocarbon chain (Sigma-Aldrich, 76169). Finally, a bacterial fatty acid
methyl ester mix (Sigma-Aldrich, 47080-U Supelco) was analyzed which contained a
mixture of fatty acids of various chain lengths including some with hydroxyl groups
and methyl branches.
Two geolipids were analyzed including the C20 isoprenoid hydrocarbon phytane
(Sigma-Aldrich, 80165), a fossil derivative of phytol side chain of chlorophyll (Powell
and McKirdy, 1973) that has also been found in membranes of thermophilic Ar-
chaea (King et al., 1998), and 17 , 21 -hopane (Sigma-Aldrich, 07562), a polycyclic
isoprenoid similar in structure to the hopane biomarkers that are the oldest proba-
bly syngenetic biomarkers detected in billion-year-old fossils on Earth (Brocks and
Summons, 2004). Three alkane (straight-chain normal hydrocarbons) standards were
analyzed including a C28H58 octacosane standard (Sigma-Aldrich, O504), a mixture
of saturated alkanes of chain lengths 7 carbons in length to 30 (Sigma-Aldrich, 49451-
U), and a mixture of alkanes that only contained even numbers of carbon between 10
and 40 carbons (Sigma-Aldrich, 68281), a potential biosignature. An even-over-odd
preference in carbon chain length was also detected in Atacama soil samples (Chapter
3).
Finally, five polycyclic aromatic hydrocarbon (PAH) standards were analyzed with
varying numbers of rings and bay regions: naphthalene (2-ring PAH), anthracene (3-
73
ring PAH), phenanthrene (3-ring PAH with one bay region), pyrene (4-ring PAH),
and chrysene (4-ring PAH with two bay regions) (Sigma-Aldrich, 147141, A89200,
P11409, 185515, 48565 respectively). PAHs are found to commonly occur exogenously
(Becker et al., 1997), but also can be created through the degradation of biogenic
compounds (Shuttleworth et al., 1995). The analysis of the PAH standards was
meant to provide an “abiotic counterpoint” to the hopane standard which is also
aromatic but a derivative of biogenic compounds.
Analysis of Atacama Soil Samples
Atacama samples were pulverized in a solvent-rinsed and combusted (550 C, 12 hours)
mortar and pestle. No other further processing was done to samples. All Atacama
samples analyzed were collected and stored utilizing extremely clean protocols to
avoid introducing contamination into the biomass-poor soils (Chapter 2, 3).
Analyses with the ExoMars RLS Simulator
To be as mission relevant as possible, analytical standards and bulk soils were ana-
lyzed using the same protocols planned for the ExoMars mission using an ExoMars
RLS Simulator prototype at theUnidad Asociada Universidad de Valladolid-Centro
de Astrobiologia (CAB), the lead institution for the RLS investigation,run under con-
ditions similar to those to be used by the RLS on the ExoMars rover (Lopez-Reyes
et al., 2014). Powdered soil samples were placed on a refillable container similar to
ExoMars’ sample distribution carousel serving the RLS, which can be emptied and
reused for new analyses just as during mission operations. The RLS, in its automatic
mode, then analyzed a set of at least 10 points in each sample, with a 50 micron spot
size and an irradiance level of 0.6-1.2 kW cm-2 with a 532 nm continuous wave (CW)
laser (Rull et al., 2011). RLS instrument data products were analyzed using a statis-
tical procedure previously applied in macro techniques, such as XRD and FT-Raman
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(Kontoyannis et al., 1997; Kontoyannis and Vagenas, 2000; Vagenas and Kontoyan-
nis, 2003). A detailed point-by-point analysis procedure is provided in Lopez-Reyes
et al. (2014). In the case of the up to ˜2 Ma soil samples collected from 215 cm depth
in Yungay, 157 RLS Simulator spectra were taken of this sample in order to evaluate
the frequency with which carbon was detected.
4.1.3 Results and Discussion
Raman Spectroscopy of Analytical-Grade Standards
Raman spectra of lipids contain a few characteristic bands (Majzner et al., 2014).
These include peaks at 1400-1500 cm-1 from the scissoring and ˜1300 cm-1 from the
twisting vibrations of the CH2 and CH3 groups in the hydrocarbon chain, in the
1050-1200 cm-1 region are attributed to C-C stretching vibrations, at ˜1600 cm-1
from the C=C stretching vibration, and an intense group of bands from 2800 to
˜3100 cm-1 due to the C-H stretching modes (Majzner et al., 2014). There are a
number of factors that can alter lipid spectra including temperature, pressure, and
crystallization conditions, as well as the presence of additional functional groups
(Kobayashi et al., 1984; Majzner et al., 2014). RLS Simulator spectra of lipid and
hydrocarbon standards revealed a number of these characteristic features. Features
observed in the fatty acid standards with are generally consistent with fatty acid
spectra observed using a confocal Raman spectrometer with a 532 nm laser (Majzner
et al., 2014), with a few exceptions for a few standards at lower wavenumbers.
The Raman spectra of major bacterial fatty acids n-C16:0 and n-C18:0 were nearly
indistinguishable, although the spectral envelope of the C=C stretching region (2800-
3100 cm-1) in n-C18:0 shows a blue shift, likely due to a longer chain molecular arrange-
ment (Fig. 4.1). The most intense band observed in individual fatty acid standard
Raman spectra was centered at approximately 2800 cm-1. The complex mixture of
bacterial fatty acids did not produce strong bands relative to the pure compounds.
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Figure 4.1: RLS spectra of four fatty acid standards.
With respect to previously published Raman spectra, there were slight discrepancies
of maximum intensity wavenumber values at at lower wavenumbers (<1600 cm-1),
likely due to sample processing and experimental conditions, but generally the pat-
tern of bands was similar for both palmitic acid and palmitoleic acid (Majzner et al.,
2014). Unsaturated and saturated fatty acids showed similar sets of features to one
another except for the 1550 cm-1 band (seen in palitoleic acid), which is likely due to
the C=C stretching vibration (Fig. 4.1).
The RLS spectrum of selected geolipid standards can be seen in Figure 4.2. The
spectrum of phytane resembled that of the saturated fatty acids with the exception of
the small peak centered at 1045 cm-1, a shift in the peak in the 900-1500 cm-1 region,
and peak at 707 cm-1. The di↵erences in the Raman spectra between isoprenoidal
membrane lipids versus fatty acids were relatively minor. As such, in a field sample,
it may be di cult distinguish microorganisms with distinct membrane lipids at their
most basic level (i.e., bacteria versus archaea). The hopane standard was featureless.
This class of compounds that are generally long-lived in the fossil record unfortunately
does not seem to produce a strong RLS response.
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Figure 4.2: RLS spectra of two geolipid standards.
Alkane standards analyzed (Fig. 4.3) were similar to one another, with a higher
background fluorescence signal from the mixtures of alkanes versus the standards. The
even-only alkane mixture produced a set of peaks nearly indistinguishable spectrally
from a mixture of all chain lengths. Carbon chain length preference is a widely used
signature of biogenicity of alkanes. This implies that a biogenic hydrocarbon pattern
would be di cult to identify using Raman laser spectroscopy.
Aromatic standards RLS spectra were generally strongly fluorescent (Fig. 4.4),
with a few relatively small carbon-related bands visible in the phenanthrene and
naphthalene structures. Aromatic species similar in structure to these standards are
ubiquitous exogenously and would be expected to be present on Mars (Benner et al.,
2000). The highly fluorescent nature of these compounds would make indentification
of these species di cult using 532 nm as excitation for Raman analysis (RLS and
SuperCam on Mars 2020). Fortunately, Mars 2020 also includes a deep-UV Raman
spectrometer, SHERLOC, which is able to unambigously identify aromatic standards
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Figure 4.3: RLS spectra of one pure alkane and two alkane mixtures.
in spiked laboratory-simulated samples (Abbey et al., 2017).
Standards did not have a straightforward response in the Raman RLS simulator.
In short, pure, straight-chain aliphatic compounds such as phytane, alkanes, and
single methyl-fatty acid standards had distinguishable and strong bands in spectra
obtained with flight-like Raman instruments. Aromatic species, including the biogenic
species, hopane, and simple two to four ring PAHs, were either largely fluorescent, or
had relatively small peaks. Biosignatures in alkane mixtures were not distinguishable
from abiogenic counterparts, and complex mixtures of bacterial fatty acids had a
very low overall signal. The analysis of these few standards was not meant to be
an exhaustive list. Instead, it demonstrates the variety of responses observable in
common lipid and hydrocarbon standards using a flight-like RLS. Other techniques
such as time-gated detection may be required in future developments based on RLS
in order to improve the signal.
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Figure 4.4: RLS spectra of five polycyclic aromatic hydrocarbon standards with var-
ious configurations and number of rings.
ExoMars RLS Simulator Spectra of Atacama Bulk Soils
The ExoMars RLS Simulator instrument detected carbon bands in over half of the
measurement points taken on all soil samples analyzed from the hyperarid core of
the Atacama Desert. However, the instrument failed to identify the most abundant
lipid and hydrocarbon biomarkers (e.g., n-C16:0 and n-C18:0 fatty acids) known to
be present in the same soil samples at ppb-ppm concentrations, despite the distinct
Raman spectral peaks observed in the fatty acid standards (Fig. 4.1). The detec-
tion limit requirement of the instrument is < 800 ppm (Hutchinson et al., 2014).
However, because individual compounds were not present at ppm levels- a common
characteristic of most organics from most natural samples- individual organic species
were not identifiable with Raman spectroscopy. Additionally, the lack of individual
organic species detection could be due to the fact that organics in the samples were a
complex mixture, which is known generally to reduce the overall Raman signal that
is generated, or induce a large background fluorescence response that is not specific
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to any one type of compound.
Surface soil sample with extant lipid biomarkers: Only two carbon-related
bands were detected from Yungay surface soils wavelengths ˜1300 and 1600 cm-1 (Fig.
4.5), which are carbon disordered “D” and graphitic “G” bands (Brolly et al., 2016).
These bands were apparent in 4 out of 10 sampling points (Fig. 4.5). The G band
at 1600 cm-1 is due to the in-plane vibration of aromatic carbons, and the 1300 cm-1
band is an intense and broad band seen in poorly ordered carbon (Brolly et al., 2016).
The D and G bands detected in Atacama soil samples were low-intensity relative to
the other inorganic bands.
The soil RLS spectra did not contain other diagnostic bands specific to any one
class of organic compound including the strong 2800 cm-1 band observed in lipid
standards (Figs. 4.1-4.4). Instead, they contained relatively small peaks that only
indicate the presence of poorly-ordered carbon. These bands are commonly observed
in non-biologic carbon-bearing samples such as graphene, and are not necessarily
indicative of biogenic carbon.
The instrument did return an excellent mineralogical snapshot compared with
data that has been returned using XRD techniques. These soils contain a number of
minerals and salts such as gypsum, anhydrite, clays, perchlorate, nitrate, and halite
(Ewing et al., 2006). In this soil, 10 points in the soil aliquot were measured (Fig.
4.5). The ExoMars RLS detected a number of minerals reported previously using
XRD from these soils (Ewing et al., 2006) including gypsum, carbonate, and clays
including kaolinite (Fig. 4.5).
Subsurface soil sample with fossil lipid biomarkers: In this soil sample
collected at 215 cm depth, both fatty acid and alkane biomarkers are known to be
present at ppm and ppb concentrations, respectively (Chapter 3), and the the TOC
is twice as high at this depth as in surface soils (Ewing et al., 2008). Figure 4.6





































































Figure 4.6: RLS spectra of 10 points along an ancient clay-rich soil from 215 cm depth
in Yungay. The two peaks indicative of carbon are labeled.
Spectral bands of organic material from this deeper soil closely resembled those of
the surface soil despite increased abundance of fatty acids and TOC: the only carbon
bands that were detected were at 1300 and 1600 cm-1. 101 out of 137 RLS Simulator
spectra contained these D and G bands, a 74% rate of detection of carbon in these
biomass-poor soils. This may indicate that carbonaceous material is not distributed
homogeneously across a micron-sized area. Heterogeneity is a widely observed phe-
nomenon at many scales in desert soils (Crits-Christoph et al., 2013). This analysis
indicates that using a measurement technique that analyzes 10 points along a par-
ticular sample is an e↵ective way of getting a representative snapshot of the soil in
biomass-poor Atacama samples. Results are being used by the RLS team to explore
adaptive concepts of operation to maximize the detectability of biomass during the
mission (Sobron, personal communication).
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4.1.4 Conclusion
Raman spectroscopy was not able to identify the most abundant biogenic lipid or hy-
drocarbon compounds contained in biomass-poor Yungay soils. Raman spectroscopy
could be a suitable diagnostic tool for the general presence of carbon compounds
in natural samples. However, current prototypes might not be capable of detect-
ing specific compounds in complex samples (soils, sediments, regolith), if present at
concentrations equivalent to or lower than those found in the biologically leanest envi-
ronments on Earth. Raman spectroscopy alone may not be su cient to assess carbon
content of a complex natural sample in martian samples that are not rich in organic
compounds. Therefore, this may have implications for selection of samples to cache
on Mars 2020 if more information is required than whether a sample bears carbon or
not at a ppm level.
4.2 Organic Ions Detected in Yungay Soils through Evolved Gas Analysis
(EGA) Despite Low Biomass Abundance and Perchlorate Presence
4.2.1 Introduction
Evolved Gas Analysis (EGA) is a “survey” type measurement (Summons et al., 2014)
that can be used to understand the carbon content of a sample through slow heating
to high temperature with continuous mass spectrometry typically under the presence
of helium. Organics are liberated through thermal desorption, thermal decomposition
(i.e., pyrolysis), and combustion in the presence of O2 released from minerals. Addi-
tionally, other gases will evolve from heated minerals. EGA is a useful technique to
probe the gross structure of organics, associations between organics and minerals, as
well as the mineralogy of a sample (McAdam et al., 2015). This technique is currently
being employed by the Sample Analysis at Mars (SAM) instrument aboard the Mars
Science Laboratory (MSL) (Maha↵y et al., 2012). Thermal volatilization-mass spec-
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troscopy techniques were previously employed on Mars by the Phoenix (Smith, 2004)
and Viking Landers (Biemann et al., 1976). MSL EGA data has revealed refractory
organic matter such as C1-C5 alkyl hydrocarbons, single-ring aromatic hydrocarbons,
chlorinated alkyl and aromatic hydrocarbons, sulfur-bearing alkyl and aromatic hy-
drocarbons to be present in eolian sediments and some lacustrine mudstones in Gale
Crater on Mars, although the source is unknown (Eigenbrode et al., 2015; Freissinet
et al., 2015). It is also worth noting that the majority of the EGA temperature range
( 0-600 C) within the SAM instrument has a high background of organic compounds
due to an on-board derivatization agent, resulting in lower confidence in indigenous
organic signals contained in this range.
Although EGA flight-instruments have a greater mass, volume, and energy re-
quirements, and are operationally more complex than a Raman flight instrument due
to sample handling requirements, the degree of sample processing is simple when
compared to other techniques used in biomarker detection (e.g., wet chemistry or sol-
vent extraction is not required). On the other hand, because thermal energy is used
to dissociate polymers for detection, macromolecular structural information is lost in
the creation of smaller, volatile organics detectable by EGA. However, a single EGA
“run” can generate a significant amount of molecular information about the general
organic content of a sample, down to ppb levels for a single molecular species in the
case of the SAM instrument (Maha↵y et al., 2012). It can also indicate how organic
compounds relate to sample mineralogy. Typically, information about the relation-
ship between organic and inorganic material is lost in most other types of standard
biomarker analyses such as solvent extraction-GC-MS.
EGA is a way to assess which general classes of organics may be present in a
sample. It is not useful for determining the exact compound identity, but instead the
general groups of organics present that are degraded and released by slow heating.
In the absence of minerals, biochemical compounds are known to have predictable
84
Table 4.1: Table of organic byproducts released via EGA and typical m/z values from
common biomolecules based o↵ of Valdivia-Silva et al., (2009); Navarro-Gonzáles et
al. (2003); Simmonds et al., (1969), but is not an exhaustive list of byproducts.
Biomolecule Class Expected EGA Byproducts (example m/z)
Proteins, Peptides,
and Amino Acids
Carboxylic Acids (60), Saturated Nitriles, Saturated
and Unsaturated Aromatic Hydrocarbons (50, 78,
127, 178)
Carbohydrates Aliphatic Aldehydes (29), Ketones (58), Carboxylic
Acids (60), Aromatics (50, 78, 127, 178), Furans (81)
Fatty Acids Alkanes (43), Alkenes (103), Aromatic Compounds
(50, 78, 127, 178), Short Chain Carboxylic Acids (60)
Porphyrins Pyrroles (67, 80)
Nucleic Acid Bases Unsaturated Nitriles, Substituted Furans (85, 95)
byproducts (4.1), which would be expected if cells were present in a sample. For
example, if mass fragments consistent with carboxylic acids, alkanes, alkenes, and
aromatic compounds were found in conjunction with one another (i.e., had similar
evolution temperatures and peak shapes), the data would be perhaps suggestive of the
presence of fatty acids. If the EGA data suggested fatty acids, proteins, and nucleic
acids were present in a sample, it would then be possible that cellular components
could be responsible for the signature.
Previous studies that used a Phoenix-like thermal and evolved gas analysis tech-
nique to search for organics in soils from the hyperarid Pampas de La Joya region
in the Atacama, which contain <30 ppm of organic C and a non-biological oxidant
were unable to identify organic ions (Valdivia-Silva et al., 2009). Even when these
Atacama soils were doped with cells, oxidative activity of matrix soil was thought
to eliminate diagnostic organic fragments during thermal processing (Valdivia-Silva
et al., 2009). On Mars, where perchlorate is abundant (˜1000 ppm) and organics
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are scarce (a few ppm), perchlorate is thought to have obfuscated the organic signal
in both Viking and Phoenix experiments by promoting combustion during pyrolysis
(Biemann, 2007; Hecht et al., 2009; Navarro-González et al., 2010). Some have ar-
gued against using pyrolytic techniques on Mars for this reason (Novarro-Gonzlez et
al., 2006, 2009, 2010).
The goals of this study are 1) to assess the detectability of organic carbon in
biomass-poor, perchlorate-rich Yungay soils through SAM-like EGA in three distinct
horizons (surface soils, perchlorate-rich, and ancient buried soils), and 2) to determine
whether organic ions, if detected, could be potentially diagnostic of the presence of
microorganisms.
4.2.2 Methods
Three samples were selected for EGA analysis from the major distinct soil horizons
in Yungay (Chapter 3). These samples include surface soil (8 ppm perchlorate), the
massive halite unit at 150 cm depth in containing unusual archaeal lipid biomarkers in
a salt-rich matrix with approximately 75 ppm of perchlorate, and a clay-rich unit con-
taining fossil plant fragments and the highest relative abundance of lipid biomarkers
in the soil column (40 ppm perchlorate).
Soil samples were pulverized in a combusted mortar and pestle. About 20 mg of
sample was loaded into previously combusted cups (500 C for 8 hr) and loaded onto a
carousel of a modified commercial benchtop pyrolyzer-mass spectrometer instrument
(Frontier Lab Pyrolyzer/Agilent 7890A GC/5975C inert XL MSD) modified for low-
fidelity, SAM-like EGA experiments. Samples were then automatically dropped into
an oven. Helium was used as a carrier gas at a pressure of 1 bar, and a flow rate of
1.8 mL/min. The following heating protocol was used: hold at 50 C for 10 minutes,
ramp at the rate of 35 C/min to 1050 C, hold at 1050 C for 6 min. Gas processing
line temperature was set to 300 C. The mass spectrometer was in “scan” mode for
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masses 10-550 Da. The inlet mode was split and had a split ratio of 10:1 Two to three
“clean up” runs with a 100:1 split were run in between each sample, and blank runs
with empty cups were run before and after each sequence to monitor any possible
background contamination. Data was background subtracted and smoothed.
4.2.3 Results and Discussion
Major ions detected in SAM-like EGA are shown in Figures 4.7, 4.8, and 4.9. In
these figures, blue tones were used to represent major inorganic gases, red tones
for straight-chain organics (alkyl, aldehydes, esters, ketones), and green tones for
aromatic compounds. EGA data can be di cult to interpret due to the fact that
m/z traces can have contributions from multiple compounds. In natural samples,
the source of an m/z signal as well as its state can be unknown, both from minerals
(e.g., water can be adsorbed, interstitial, or connate, and many minerals could contain
water) and organics (e.g., species can be free in a sample, in polymers within a cell, or
bound externally or internally with a mineral). Additionally, reactions can take place
between evolved gases within the instrument during analysis (Xie and Pan, 2001),
including the halogenation of functionalized aromatics (Miller et al., 2015). Species
interpretations of m/z values presented in this section are based on what is known to
be commonly abundant, as well as other co-eluting masses with similar peak shapes
also associated with a compound. Sources of various masses will also be speculated on
based upon known mineralogy and organic content of samples described previously
(Ewing et al., 2006: Ewing et al., 2008; Crits-Christoph et al., 2013; Chapter 3).
Water (m/z 18) and CO2 (m/z 44) dominated the EGA signal of all soils analyzed.
Water was primarily released from water bound in minerals contained within the soil
such as clays. Carbon dioxide has a number of potential sources including oxidation
of organic matter and breakdown of carbonates at temperatures <500 C (McAdam et
al., 2011). Other major inorganic gases are present in varying amounts from sample
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to sample, with changing peak shapes. Oxygen (m/z 32) has a surprisingly flat shape
at low temperature in the clay rich soils from the surface and 215 cm depth. In the
halite unit, O2 peaks correspond with the NO (m/z 30) peak at about 600 C, and
SO2 (m/z 64) peaks at about 450 C, 750 C, and 850 C correspond with O2 peaks in
the halite unit. These four major releases of oxygen in the halite unit may indicate
the breakdown of oxygen-rich salts contained within the sample such as sulfate or
nitrate. HCl (m/z 36) may be sourced from perchlorate salts, known to be present in
this unit at a concentration of about 75 ppm, or from the abundant halite (Chapter
3).
Organic ion release temperature and abundance were significantly di↵erent in the
three samples analyzed. This is likely due to a combination of factors including
the abundance and diversity of organics contained within the samples as well as
the di↵erent mineralogical content of the soils. Yungay surface soils had two major
releases of organics: straight chain fragments evolved between 150 C and 600 C with
a maximum release temperature at 200 C, and aromatic fragments evolved between
200 C and 450 C with a maximum at about 350 C (Fig. 4.7). The major release
of straight chain organics includes aldehydes (m/z 29), C2 hydrocarbons (m/z 43),
methyl ketones or dialkyl ketones (m/z 58), and methyl esters (m/z 59). The release
of saturated alkane fragments along with ketones and methyl esters may be suggestive
of the breakdown of fatty acids, or lipid membranes. The major release of aromatics
includes pyrroles (m/z 67), benzene (m/z 78), and pyridine (m/z) 79. While it is
unclear exactly which biomolecule classes are contributing to this signal, fragments
could be suggestive of the breakdown of porphyrins, proteins, and/or carbohydrates,
perhaps the more abundant biomolecules contained within a cell. The evolution
of potential fatty-acid fragments before aromatic fragments may indicate that cells
in the surface soil are largely intact, which is consistent with prior studies of the
microbial content of these soils including their viability (Connon et al., 2007; Lester
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et al., 2007; Crits-Christoph et al., 2013). Additionally, it is possible that once
the bacterial cell membrane is destroyed through heating, the cell contents such as
proteins, porphyrins, and carbohydrates are then released, hence the discrepancy in
peak shape and evolution temperatures as observed through SAM-like EGA.
The EGA signal of organic ions released from the buried clay unit at 215 cm depth
(Fig. 4.8) di↵ered greatly from surface soil. Firstly, the straight-chain alkyl major
release is missing. Instead, there are two large organic releases at about 270 C and
550 C that contain a mixture of alkanes, aromatics, and esters. This unit is known
to contain about double the abundance of fatty acids as the surface soil (Chapter
3), macroscopic plant fragments (Ewing et al., 2008), and a lack of DNA (Nichols,
personal communication). Ethyl and methyl esters (m/z 73 and 74) along with alkene
fragments (m/z 103) could be sourced from the breakdown fatty acids. The abun-
dance of aromatic fragments, with up to three-ring polycyclic aromatic hydrocarbons
including benzene (m/z 78), naphthyl ions (m/z 127), methyl naphthalene (m/z 142),
biphenyl (m/z 154), and phenanthrene (m/z 178), could be evolving from the pyroly-
sis of plant material with a maximum at 600 C. The releases of the methyl and ethyl
esters along with the aromatics, especially at 600 C, may indicate that organics are
bound in a di↵erent way than the original cellular state as was indicated in the surface
soil. Additionally, chlorobenzene (m/z 112) is present, perhaps indicating that chlo-
rination of aromatics is occurring within the instrument, as in martian soils (Miller
et al., 2015, Freissinet et al., 2015). The di↵erence in organic ion evolution between
surface soils and older soils at 2 m depth shows that aged organic material, which has
had significant time to degrade and interact with minerals, can dramatically change
the organic ion content, temperature of release, and peak shape in EGA data.
Finally, the halite unit from 1.5 m depth in Yungay had an EGA signal di↵erent
from the two clay-rich samples (Fig. 4.9). Firstly, there is significant evidence for




















































































































































































































































due to the presence of HCl and potentially HBr (m/z 80). This includes unusual ions
such as alkyl bromide (m/z 133), hexachlorobenzene (m/z 163), and a chlorinated
aromatic (m/z 270). While there is a release of organic ions at between ˜350-660 C
including C2 and C8 straight-chain hydrocarbons (m/z 43 and 105), simple one ring
aromatics (m/z 50 and 78), and carboxylic acids (m/z 60), the overall signal is not
suggestive of a large biogenic component despite the presence of known presence of
fatty acids and archaeal lipids in the halite (Chapter 3). However, the sharp releases
at 850-900 C that can be observed in many ions including water, carbon dioxide, C2
hydrocarbon, C4 aromatic, and carboxylic acid may indicate the presence of organics
contained in water inclusions within the halite crystals, given that the melting point
of halite is at about that temperature.
4.2.4 Conclusion
In summary, organic ions were detectable in all three samples analyzed: modern
clay-rich soil, ancient clay-rich soil, and a halite and perchlorate-rich unit despite
the presence of oxidizers and low organic carbon abundances. The ion content, peak
shape, temperature evolution, and intensity were di↵erent in all three samples. The
organics released in surface soils had perhaps the strongest indication of biogenicity.
However, even the buried clays still contained the EGA “fingerprints” of an ancient
hydrocarbon producing environment. Perchlorate-rich samples produce a distinct,
complex EGA signal in which there might be evidence for chlorination and bromina-
tion of organics occurring within the instrument, likely obscuring the in situ organic
speciation at least partially. Yet, EGA of this sample revealed that the halite may
harbor water-rich inclusions that bear organics, a finding that would be di cult to
make using with other techniques.
EGA of Yungay soils indicate that this technique can be useful for a preliminary












































































































































natural sample. Although detailed information about the exact nature of organic
molecules (i.e., larger polymers) is obscured in EGA data, the general presence of
major classes of biomolecules such as fatty acids was suggested by the data, even in
the presence of perchlorates. Given the relative operational simplicity of this tech-
nique and the amount of information retrieved by just one run, especially regarding
the relationship between organics and inorganics, this technique would still be a use-
ful addition on future Mars rover or lander missions. However, the information about
organic presence obtained through EGA would be more useful with comparison and
verification from instruments capable of measuring organic material with more speci-
ficity (i.e., targeted analysis of specific biomolecule classes and biosignatures).
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CHAPTER 5
CONCLUSIONS AND IMPLICATIONS FOR MARS
Functionalized lipid biomarkers are preserved in clays and salts under extreme hyper-
arid conditions for tens-of-thousands to a few million years or more. This is likely due
in large part to the suspension degradation due to the activity of microorganisms.
Xeropreservation (preservation by drying) of biomolecules represents an important,
unexplored source of paleo-biological and paleo-environmental information in the hy-
perarid core of the Atacama Desert. Biomarkers in a soil profile in the Yungay region
point to past wetter conditions that supported a larger diversity of organisms and
metabolic processes than under the current climate.
The preservation of biomolecules under extreme dryness provides a tool to inves-
tigate trends in metabolic activity as a function of aridity. The absence of biomarkers
diagnostic of active metabolism in soils in the driest parts of the Atacama Desert
suggests that the dry limit of habitability might have been crossed in these hyperarid
soils. Organisms in the driest parts of the desert do not seem to be better adapted to
the physicochemical conditions. The dry limit of habitability might also have been
crossed on the surface of Mars, which is 100-1000 times drier than the driest parts
of the Atacama. If the small, decadal rain events in the extreme hyperarid region of
the Atacama are not enough to sustain soil organisms, then we might expect soils on
Mars—where water may be even more sporadically present in surface soils (Ojha. et
al., 2015) if at all—to be similarly uninhabitable.
While extreme dryness in the Atacama Desert might not support metabolic ac-
tivity, which leads to soils with very low biomass, the resulting fossil remains are well
preserved and contain diagnostic biomarkers, detectable with current technologies.
If life existed on Mars in the past, under similarly dry conditions, then the extreme
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hyperarid environment could have been conducive to biomarker preservation, however
low in concentration if organics are not degraded by other processes such as radia-
tion. Those molecules could still carry some of the molecular “hallmarks” needed to
identify their biogenicity (e.g., homochirality of amino acids; fatty acid even-over-odd
chain length preferences; complexity in structure).
Sample acquisition and handling which includes sample preparation, while requir-
ing increased complexity in instrument design, leads to increased information about
organic content. While operational simplicity in flight instruments is beneficial from
an engineering perspective, it can impede the production of data that is most useful
for scientific questions of interest (e.g. search for evidence of life). Certainly, greater
characterization of the organic material contained in ancient or modern martian sedi-
ments will be one of the the most important astrobiological advancements of the next
few decades.
Instead of addressing habitability from an abstract perspective of, “ancient Mars
would have been able to support life,” detailed characterization of organic material
and the identification of putative molecular biomarkers could lead to answering of the
more direct question, “did ancient Mars ever support life?” In examining case studies
such as the martian meteorite ALH84001 or the purported body fossils in the Apex
Chert as examples, physical biosignatures and/or the presence of non-specific carbon
signals alone may not be enough to definitively identify the signs of life in ancient
martian sediments because of the high probability that those signals could have been
generated by an abiotic process. Instead, molecular biomarkers are information-
rich, meaning that they not only contain information about not only presence, but
also the activity of organisms through the specificity in their structure that connects
them to a biological process. A great deal of information about organic material will
be required to understand whether a sediment once harbored life. Understanding
the preservation, degradation, and alteration of biomarkers as well as perfecting the
96
techniques of detecting them will be crucial for the search for life in the coming
decades.
5.1 Future Work
In Yungay, future investigations should extend studies of biomarker preservation in
buried, older soils to other more fragile biomarkers such as proteins, peptides, amino
acids, and DNA. Di↵erences in abundance and degree of preservation between these
di↵erent biomolecule classes could be an avenue to investigate interactions occurring
in the mineral matrix, biological degradation activity, and other abiotic degradation
factors such as irradiation that could lead to di↵erences. Additional studies should
also look at the activity of enzymes under the extreme hyperarid climatic condi-
tions. Better understanding of the preservation pathways of molecular biosignatures
in hyperarid environments informs potential for success of NASA missions.
Follow-up investigations should also test the hypotheses presented here in other
extremely dry terrestrial settings, especially in the Antarctic, where dryness is linked
to cold temperatures. The high elevation (>1000m) region of the McMurdo Dry
Valleys is an obvious target. This region hosts the coldest and driest permafrost
soils on Earth, where snow accumulation is less than 10 millimeters per year (Doran,
2002; Marchant and Head, 2007), air temperatures rarely exceed 0 C, and most of
the region is often or permanently shadowed due to surrounding topography. Lipid
biomarker preservation “quality” in the high elevation McMurdo Dry Valleys ought
to be similar to or better than in Yungay. Additionally, soil microbial communities
would be exposed to similar levels of desiccation, so a lack of biomarkers linked to
ongoing microbial activity is also expected.
Finally, it would be valuable to test biomarker detectability in million-year-old,
biomass-poor, salt-rich Atacama soils using other Mars flight-instrumentation such
as the Deep UV resonance Raman and fluorescence spectrometer slated to fly on
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NASA’s Mars 2020 rover, and SAM-like GC-MS with derivatization (MTBSTFA and
TMAH). Testing of flight instrumentation with a suite of natural samples with Mars-
like properties is crucial for instrument and technique development and interpretation
of future positive or negative biomolecule detections in martian samples.
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Elvira, and V. Parro, “A 200-antibody microarray biochip for environmental
monitoring: Searching for universal microbial biomarkers through immunopro-
filing,” Analytical chemistry, vol. 80, no. 21, pp. 7970–7979, 2008.
[141] J. Robie and D. White, “Lipid analysis in microbial ecology: Quantitative
approaches to the study of microbial communities,” 1989.
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